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Abstract 
Chapter 1: A general discussion of macrocyclic co-ordination chemistry is 
given, with particular emphasis on t1e biological and catalytic relevance of 
macrocyclic systems. The binding modes of various thioether macrocycles 
are also summarised. 
Chapter 2: Reproducible high-yield syntheses of [Au([9]aneS:3)2](PF6) and 
[Au([9]aneS3)2](BF4)2 have been established. Electrochemical and 
spectroscopic studies of these complexes were undertaken. 
[Au([9]aneS3)2] 2  undergoes a one-electron oxidation to Au(HI) at 
E I= +0.44V and an irreversible reduction to Au(I) at Epc = +0.15V (Fc/Fci. 
The solution e.p.r. spectrum of [Au([9]aneS3)2]2  shows an isotropic signal, 
gj 0  = 2.016 and hyperfine coupling to 197Au (I = 3/2, 100%), As0 = 44.3G. 
The frozen glass e.p.r. spectrum depicts a complicated anisotropic signal. 
Attempted e.p.r. spectrum simulation on the basis of the g and A tensors 
only suggested that the quadrupole and nuclear Zeeman interactions are 
significant in [Au([9]aneS3)2] 2 . This is consistent with the 197Au 
Mössbauer data recorded for Au(II) complex. The stable Au(I) complex, 
[Au(PPh3)([9]aneS3)](PF6) was also prepared. 
Chapter 3: The ability of [18]aneS6 to stabilise Au(I), Au(H) and Au(Ifl) was 
examined. EAu([18]aneS6)](PF6) was isolated and structurally characterised; 
[18]aneS6 binds the Au(I) centre in a [2+2] distorted tetrahedral 
co-ordination, Au - S = 2.321(3), 2.320(4)A, Au ... S = 2.870(4), 2.856(4)A. This 
complex exhibits two quasi-reversible oxidations at E 1=  +0.36V, +0.56V (vs 12 
Fc/Fc). These oxidations were assigned as being largely metal-based 
(1) 
processes by e.p.r. spectroscopy. Electrogenerations of the Au(II) and Au(ffl) 
species were monitored by electronic absorption spectroscopy, which 
demonstrated the absence of any transient intermediates. The 
electron-transfer rate constant determined for the [Au([18]aneS6)]' 2 
couple (ks  = 26.8 x 10 cms 1) indicates that a large stereochemical change 
accompanies the oxidation of AuU) to Au(II). Direct synthesis of 
[Au([18]aneS6)](PF6)2 was carried out. The solution e.p.r. spectrum of 
[Au([18]aneS6)](PF6)2 in MeNO2, at 293 K shows an isotropic signal 
(gj 0  = 2.026, Ao = 45.6G); a complicated anisotropic signal is observed at 
77 K. The comparable e.p.r. and electronic absorption spectra observed for 
[Au([18]aneS6)] 2  and [Au([9]aneS3)2] 2  suggest that the co-ordination 
spheres about the Au(II) centres are similar; hence, the geometry of 
[Au([18]aneS6)] 2 was proposed to be distorted octahedral. 
Chapter 4: The 	Au(I) 	complex 	of 	[15]aneS5 	was 	isolated. 
[Au([151aneS5)](B(C6F5)4) is dimeric in the solid-state, the Au(I) centres are 
in [2+2] distorted tetrahedral stereochemis tries 
(Au - S = 2.3001(13), 2.2927(13)A, Au...S = 3.2008(14), 3.1055(13)A) and bound 
in an .exocyclic manner between the two facial macrocycles. A similar 
structure was found for the PF6 salt, although the Au...S interactions are 
more prenounced at 2.887(6) and 2.992(6)A. [Au([15]aneS5)] 2  exhibits two 
solvent dependent quasi-reversible oxidations at E = +036, +0.54 V (in 
'2 
MeCN vs Fc/Fc+),  which were assigned as largely metal-based processes 
using e.p.r. spectroscopy. The electron-transfer rate constant, k5, for the first 
oxidation was determined (ks  = 2.7 x 10 cms4). Electrogeneration of the 
Au(II) and Au(III) species were monitored using the O.T.E. technique. 
[Au([15]aneS5)1(PF6)2 was synthesised and found to be a 2:1 electrolyte in 
(ii) 
MeNO2, [Au([15]aneS5)}2 is therefore monomeric in solution. An isotropic 
e.p.r. spectrum was observed for [Au([15]aneS5)] 2 in MeNO2 solution 
(gj 0  = 2.014, A 0  = 43.4G). A solvent independent rhombic signal was 
recorded at 77 K (g1 = 2.040, Al = 66.OG; 92 = 2.022, A2. = 60.8G; g3 =2.009, 
A3 = 67.OG); this suggested that the d 9 centre is in an unsymmetrical 
enviroment and the Au(H) species is not solvent-adduct. The dimeric 
[Au([15]aneS5)] solid must either immediately dissociate on solvation, or 
prior to or on oxidation to [Au([15]aneS&] 2t A solution pre-equilibrium 
between monomer and dimer was proposed. 
Chapter 5: [Au([18]aneN2S4)](PF6) and [Au(Me2[18]aneN2S4)](PF6) were 
isolated. Me2[18]aneN2S4 binds Au(I) in a [2+1] co-ordination, (Au - S = 
2.3043(15), 2.3138(14)A, Au ... S = 2.8883(15)A). [Au(Me2[18]aneN2S4)](PF6) 
exhibits two quasi-reversible oxidations at E 1 = +0.14, +0.43 V (vs Fc/Fci, 
'2 
these are presumed to be largely metal-based processes. 
[Au([18]aneN2S4)](PF6) undergoes an ireversible oxidation at Epa = +0.88V 
(vs FcIFc). It would appear that Me2[18]aneN2S4 can stabilise Au(I), Au(fl) 
and Au(llI), whereas [18]aneN2S4 can not stabilise the intermediate 
oxidation state. The synthesis of a binucleating face - to - face ligand, 
together with its successful complexation of Pd(II) and Au(I) were carried 
out. 
Chapter 6: The large cavity sizes and octadentate binding of E241aneS8 and 
[28]aneS8 were exploited in the formation of binuclear Cu(I) and Ag(I) 
complexes. Structural characterisation of [Cu2(L)] 2 (L = [24]aneS8, 
[28]aneS8) showed that the Cu(I) centres are encapsulated within the 
macrocyclic framework in distorted tetrahedral stereochemistries. The 
(iii) 
separation between the Cu(I) ions is clearly indicative of non-interacting 
centres (Cu ... Cu (L = [24]aneS8) 5.172(3)A, (L = [28]aneS8) 6.454(3)A). Both 
Cu(I) complexes show two-electron irreversible oxidations producing Cu(ll) 
species; these electrogenerations were monitored by electronic absorption 
spectroscopy. The analogous Ag(I) compounds can be chemically oxidised to 
generate purple Ag(II) species. 
Chapter 7: Complexation of Au(I) using the tetrathia ligands, [12]aneS4, 
[14]aneS4 and [16]aneS4 was examined. [Au([16]aneS4)](PF6) undergoes a 
two-electron oxidation at E = +0.14 V; this oxidation from Au(I) to Au(M) 
12 
proceeds through a transient intermediate. The progression of the oxidation 
was monitored by e.p.r. and electronic absorption spectroscopies. 
[Au2([28]aneS8)](PF6)2 was isolated, the Au(I) centres are in [2+2] distorted 
tetrahedral stereochemistries within the ring. This compound experiences a 
four-electron oxidation at E 2 = +0.55 V (vs Fc/Fc) to afford a binuclear 
12 
Au(Ifl) species, this process involves an e.p.r. active intermediate similar in 
behaviour to the Au(II) species observed during the oxidation of 
[Au([1 6] aneS4)] . [Au2([24] aneS&]  (PF6)2 was also synthesised. 
Chapter 8: A new oxidation product of [9]aneS3 was isolated. Structural 
characterisation showed it to be a bicyclic sulphonium salt, [C3H11S3] 
incorporating fused four- and five-membered rings. Electrochemical and 
chemical oxidation of [9]aneS3 produced e.p.r. active species, assigned as 
thioether-radical cations and dications. 
Chapter 9: The conclusions drawn from the studies of gold thioether 
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1.1 GENERAL MACROCYCLIC CHEMISTRY 
The development and diversity of macrocyclic co-ordination chemistry has 
escalated in the past 25 years. 1 '2 This growth has been due mainly to 
improved synthetic routes of numerous macrocyclic ilgands and exploitation 
of their metal binding properties. Central to this area of co-ordination 
chemistry is the kinetic inertness and thermodynamic stability of macrocydlic 
complexes. This enhanced stability of macrocyclic complexes relative to the 
analogous non-macrocyclic systems was first discussed by Cabbiness and 
Margerum3, and was entitled the "macrocyclic effect". The magnitude of the 
"macrocyclic effect" is dependent on the particular metal-ligand-solvent 
system being considered. 
The "Macrocvclic Effect" 
(a) Thermodynamic origins 
In general terms, the "macrocydic effect" refers to the decrease in Gibbs free 
energy (Gf = LHf - ThSf) for the metathesis reaction (1) 
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Considerable attention has been directed toward separating LGf into its 
enthalpic and entropic components in order to understand the 
thermodynamic origins of this effect- 4-9  
1 
Consider the entropy of reaction (1). In the metal complexes (i) and (iv) the 
bound cyclic and non-cyclic ligands have limited flexibility and hence similar 
entropies. The free macrocycle (ii) has fewer internal degrees of freedom 
than its open-chain analogue (iii). Therefore the entropic component will 
usually be favourable for macrocyclic complexation due to the increase in 
configurational entropy when the open-chain ligand is released into solution 
Exact assessment of the enthalpic component is more difficult. The enthalpy 
of reaction (1) is influenced by the relative solvation energies of the free 
ligands (i) and (ii). The more compct macrocyclic ligand is generally less 
solvated than its open-chain counterpart. The overall solvation energies for 
reaction (1) may produce a favourable or unfavourable enthalpic 
contribution to the "macrocyclic effect. 
(b) Kinetic considerations 
Macrocyclic complexes also display an enhanced kinetic inertness, with 
respect to either their formation or decomposition. 11 This has been well 
established for various tetraazall and tetrathia 12 systems. The kinetic 
studies of two Cu(II)-tetraaza complexes have shown that the formation and 
dissociation rate constants are smaller for the macrocyclic complex, 
[Cu([14]aneN4)] 2 , than the open-chain species, [Cu(2,3,2-tet)] 2 . 11 
Busch13 proposed that the rate of dissociation of the ligand from the metal 
centre was significantly reduced in the macrocyclic complex since the initial 
M-L bond cleavage would cause unfavourable distortion and strain in the 
macrocyclic ring. The open-chain ligand, however can be removed from the 
2 
metal co-ordination sphere without imposing this distortion by "unzipping" 
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with the stability constant of the complex being given by:- 
KML = kf/kd 
Therefore, KML  depends on kf/kd.4  Hence the kinetic inertness is 
reflected in the enhanced thermodynamic stability. 
(c) Ligand pre-organisation 
Both the thermodynamic and kinetic properties of macrocycic complexes 
can be affected by any ligand re-arrangement required for metal ion 
complexation. 14 	The solid-state structures of [121aneS3, 15 [12}aneS4 16 
[14]aneS 7 [16]aneS 82 [15]aneS578 and [18]aneS6 
78,18 show that the 
majority of the S-donors are exodentate, i.e. the S-lone pairs are directed 
3 
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[1 2]aneS3 
away from the ligand cavity. Therefore, if the solid-state structure is retained 
in solution, an energetically unfavourable ligand re-arrangement is required 
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In contrast, the lone pairs of the donor atoms in [9]aneS3 19 and [14]aneN420 
are endodentate. Consequently these ligands are considered to be 
pre-organised for metal complexation; [9]aneS3 in a facial manner and 
[14]aneN4 in a facial or inclusion manner depending on the metal ion size. 
This ligand pre-organisation contributes to the enhanced "macrocyclic effect" 
exhibited by [91aneS3 and various polyaza ligands, 10 in comparison to the 
larger polythia systems. 12 
(d) Liga nd -metal compatibility 
The compatibility of the metal ion with the complexing macrocydic ligand 
influences the stability and properties of the resultant complex. 14 This 
important factor can be exploited to its two extremes. 
4 
Compatible ligand-metal systems: When the cavity size and donor set of the 
macrocycle present a suitable co-ordination sphere for metal ion binding, a 
stable, rigid complex is formed. The redox and magnetic properties of the 
metal centre are regulated by the ligand system. Effectively the macrocyde 
is acting as a protecting group enabling the activation of the metal centre, e.g. 
[Ni([14]aneN4)12. 21b 
Incompatible ligand-metal systems: Creating an inherent mis-match 
between the metal ion and the ligand cavity size or donor set, can result in a 
complex 	which 	exhibits 	a 	strained 	stereochemistry 	(e.g. 
[Cu([12]aneN4)1 2 )22 	or 	unusual 	redox 	behaviour 	(e.g. 
[Pd([18]aneN2S4)}2 23). 
Utilisation of this compatibilty feature of macrocydic co-ordination 
chemistry has been the key to the majority of the work carried out in 
Edinburgh.2327 
1.2 BIOLOGICAL ASPECTS 
Regulation of the steroechemical, electronic and redox properties of a metal 
centre is required in the function of numerous metalloproteins. 2831 The 
macrocyclic moiety - the tetrapyrrolic unit is used for Fe, Mg and Co ion 
control in haemoglobin (4)32 and cytochromes,35 chlorophyll (5)33 and 
vitamin B12 (6)29,34 respectively. In these systems the macrocydlic unit 
co-ordinates the four equatorial sites leaving the two axial positions available 
for binding and activation of small substrate molecules, e.g. 02  in 
haemoglobin.32 
61 
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(4) Protoporphyrin LX 	 (5) Chlorophyll (6) Vitamin B12 (core structure) 
Elucidation of the exact processes occurring at the active sites of 
metalloproteins has led to the synthesis of numerous model compounds. 20 
The function of these simple models is to mimic the behaviour of the more 
complicated natural systems, and by virtue of their simplicity be easier to 
handle and study. These models have been designated as either 
"speculative" or "corroborative" depending on whether the structure of the 
active site is known. 36  Synthetic porphyrin and tetraaza macrocydic 
complexes have been used to model porphyrinoid species e.g. Fe-porphyrin 
and "picket-fence" models for haeme protein oxygen carriers. 37 Macrocyclic 
model compounds have also been used to mimic the behaviour of 
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Using the potentially restrictive stereochemical nature of a macrocyclic ring, 
it may be possible to create model systems for binuclear metalloproteins such 
as haemocyanin, tyrosinase (discussed further in Chapter 6) and 
haemerythin. The modelling of important bio-inorganic systems is a rapidly 
expanding area-40-42  The desire for new and more precise models has 
generated the need for specialised ligands which not only impose a certain 
co-ordination sphere upon a metal centre, but also regulated its properties 
specifically. Derivitised macrocycles will continue to be an important source 
of such ligands. 
1.3 CATALYFIC ASPECTS 
For a metal complex to have the potential to be catalytically active certain 
design features are required. Particular co-ordination sites of the metal 
centre must be protected or blocked whilst additional specific labile positions 
must remain available for substrate binding. Porphyrins and macrocycles 
can act as protecting groups to transition metal centres and stabilise a wide 
range of metal oxidation states in reversible multi-redox processes. 
Consequently, considerable attention has been focussed on this type of metal 
complex regarding their ability to activate small molecule substrates such as 
CO. CO2, NO, NO3-,02,  N2, and H2.4354 
The catalytic conversion of 02  to H20 is important in fuel cells. 55 Certain 
metalloproteins are able to mediate electrocatalytic reactions. 56 The 
four-electron reduction of 02  to H20 using a cobalt cofacial porphyrin dimer 
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The iridium monomer [Ir(OEP)H] can exhibit a similar catalytic reduction, 
(Scheme 10). The iridium monomeric unit dimerises and encapsulates the 
dioxygen molecule to facilitate the reduction without the formation of H202. 
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The ability of cytochrome P450 to activate oxygen for the oxidation of 
hydrocarbons56  has inspired studies that utilise metalloproteins as potential 
catalysts for the oxidation of alkanes and alkenes. 5760 Renewed interest. 
has prompted reports on the use of Fe(III)-porphyrin complexes to facilitate 
the oxidation of aldehydes, 61 sulphides,62 sulphur dioxide63 and alkyl 
aromatic compounds. 64 
By utilising the macrocycle/porphyrin as a metal protecting group, it is 
possible to carry out oxidative addition reactions on the low valent, electron 
rich Rh(I) and Ni(I) centres, e.g. oxidative addition of a alkyl halide on an 
"out of plane" Rh(I) complex, resulting in the formation of alkyl and acsyl 
species (11).65 
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Rh(I) complexes of L 1 (12) and L2 (13), and the NW) complex of 0 (14) can 
undergo oxidative addition reactions to give [Rh(L 1)(C6H5CO)Cl], 
[Rh(L2)(C3H6Br)I] and [Ni(L3)CH3] + species respectively, under particular 
conditions. 67-69 
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1.4 THIOETHER MACROCYCLIC LIGANDS 
Traditionally acyclic thioethers are considered to be weak ligands for 
transition metals 	in comparison to amine and phosphine ligands.70 
However incorporation into a macrocyclic ring enhances the binding of the 
S-donors. Three factors contribute to this greater stability (i) chelate effect (ii) 
macrocyclic effect (iii) reduction of the steric repulsions between the 
thioether alkyl substituents. The nature of the metal-sulphur bonding in 
thioether complexes is not clear-cut. The two S-lone pairs can be involved in 
a-bonding and it-donating interactions (shown below), however, the empty 
it-accepting d-orbitals on the S-donor atom must also be considered. 
Therefore it is feasible that the thioether ligands can be it-donors or 
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The chemistry of thioether macrocyclic ligands has been reviewed by Murray 
and Hartley,70 Kwehn and Isied, 71 Cooper,72 Schr6der,73 Muller and 
Dyemann74  and most comprehensively by Blake and Schröder in 1990.26 
The aim of this section is to present a brief insight into the binding modes of 
the thioether ligands used in this work. 
Ligand synthesis: 	The progress of metal complexation of the thioether 
macrocycles was hindered by difficult, low yield ligand syntheses. Until 1980 
when Buter and Kellogg reported large scale, high yield routes to the larger 
polythia ligands. 75'76  Using a combination of methods reported by 
Ochrymowycz and high dilution Cs2CO3 mediated cyclisation techniques, 
they were able to produce these ligands in good yields. 7578 
The synthesis of [9]aneS3 has received much attention; beginning with the 
first reported synthesis by Ochrymowycz in 1977. 79 The reaction of the 
dithiolate species (A) with 1,2, dibromoethane (B) under high dilution 
conditions afforded [9]aneS3 in low yield, a significant quantity of the [2+2] 
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A template synthetic route (18) was reported in 1984 using a MO(CO)3 
fragment; this gave a high yield of the desired [9]aneS3.80 This route 
requires thiolate co-ordination to the Mo centre, consquently the formation of 
the [2+2] by-product is inhibited. A high yield synthesis based on the Buter 
and Kellogg method75'76 was reported by Blower and Cooper in 1987.81 
Free ligands: 	In the solid-state structure, [9]aneS3 adopts an endo 
conformation, the lone pairs of the S atoms are directed toward the 
macrocyclic cavity- 19. As discussed in Section 1.1.c., [9]aneS3 is 
pre-organised for facial co-ordination to a metal centre. The larger ring 
polythia ligands [1 2]aneS3,15 [1 2]aneS4) 6 [14]aneS4117 [16]aneS 82 
[15]aneS578 and [18]aneS6.78'18  adopt conformations in which the lone pairs 
of the S atoms are directed out of the ring. The formation of endo complexes 
of these polythia ligands therefore requires re-organisation of the ligand 




[9]aneS3: Due to the pre-organisation of [9]aneS3  for facial co-ordination, 
complexes of [9]aneS3 are generally more stable than their [121aneS3 
analogues.83 The compact facial binding of [91aneS3 facilitates octahedral 
co-ordination of a metal centre, e.g. [Ru([9]aneS3)2] 2 ,83 
[Os([9] aneS3)2] 2 ,84  [Rh([9]aneS3)2] 3 ,86'87 [Ni([9] aneS3)2]2 .88 The 
tighter fit of [9]aneS3 over [121aneS3 is reflected in the shorter M-S bond 
lengths in the [91aneS3 complex e.g. [Ru([n1aneS3)2] 3 Ru-S (n =9) 
2.3272(14), 2.3357(14), 2.3331(14)A 83;  (n = 12) 2.3676(4), 2.3772(4), 
2.3736(4)A.84'85 When required [9]aneS3  can also bind less symmetrically to 
satisfy tetragonally elongated (e.g. [Cu([9]aneS3)2]2 89) and tetragonally 
compressed (e.g. [Co([9] aneS3)2]2 88) stereochemistries. Although 
considered to be pre-organised for facial co-ordination the trithia ilgand is 
still sufficiently flexible to alter its co-ordination mode, e.g. [Pt([9]aneS3)2] 2 
(19),90 [Ag3([9]aneS3)3]3 (20).91 
C 
(20) EAg3([9]aneS3)3] 3 
This stereochemical and electronic flexibility is reflected in the ability of 
[9]aneS3 to stabilise a wide range of metal oxidation states, e.g. stabilisation 
of Rh(I) / (II) / (III),86,87 Ir(II) / (III), Pd(II)/(III) (21 -22),93 -91 and 
Pt(II) 1(111) /IV).90'73 
12 
(21) [Pd([9]aneS3)21 2 	 (22) [Pd([9]aneS3)2] 3 
In the structure of [Pd([9]aneS3)2] 2  (21), the Pd (H) centre is bound in a 
[4+2] co-ordination, a compromise between the facial binding of [9]aneS3 
and the preference for Pd (II) to be square planar. 93'94 The 
[Pd([9]aneS3)2] 3  cation shows a tetragonally distorted stereochemistry. 95 
On oxidation from Pd(II) to Pd(ffl) the interaction of the apical S-donors 
shortens from 2.952(4) to 2.5448(15)A, consistent with the preferred geometry 
of d7  metal ions and the increase in nuclear charge at the metal centre. 
The complexes of [M([9]aneS3)2] 3  (M = Co, Rh, Ir) can undergo pH 
controlled reactions. 229 Under certain conditions one of the bound [9]aneS3 
ligands experiences a ring-opening reaction via C-S bond cleavage to afford a 
co-ordinated vinyl thioether moiety with a terminal thiolate donor. This 
deprotonation reaction was studied by n.m.r. spectroscopy. X-ray 
crystallography confirmed the structure of the deprotonated 
[Rh([9]aneS3)213  species, [Rh([9] aneS3) (S(CH2)2S(CH2)2SCH=CH2)] 2 
(22b).229  Scheme (22c) gives the proposed mechanism for the formation of 
this species.26  The first step involves deprotonation at an a-methylene 
carbon centre. This type of reactivity seems general for other thioether 
13 
ligands, since the complexes [M([9]aneS3)2] 2 	(M = Pd, Pt). and 
[M([18]aneS6)]' (M = Co, Rh, n = 3; M = Pd, Pt, n =2) react similarly. 229 
(22b) 
H 
3+. 1 	 HLH1 
Sn SLS 
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(22c) 
A number of half-sandwich [9]aneS3 complexes have been 
synthesised.82 '96'336 The [Ni ([9] anes3)(PP)] 2 (PP = bidentate phosphine) 
cations are 5 co-ordinate species, with [91aneS3 bound facially. 82 
[Pd([9]aneS3)X2] (X = Cl-, Br, PPh3, bipy, phen) cations show [4+1] 
co-ordination at the metal centre, with [9]aneS3 bound through two S-donors 
with the third S-donor involved in long-range apical interaction. 96 
Tetrathia ligands: The compatibility of the ligand cavity size and the metal 
ion radius is critical in determining the mode of co-ordination of [12]aneS4, 
[14]aneS4 and [16]aneS4 
14 
In [12]aneS4 the ligand cavity is too small to encapsulate a metal centre, 
consequently the ligand tends to bind in an exocycic manner, either in a 
tridentate (e.g. [Re(CO)3([12]aneS4)] (23)) or tetradentate fashion (e.g. 
cis - [RhC12(PEt2Ph)([12]aneS4)]2 98). This ligand has also been seen to 
bind in a monodentate mode in [Al(CH3)([12]aneS4)] (24). 99  
(23) [Re(CO)3(112laneS4)] + 	 (24) [A1(CH3)3(112laneS4)] 
[14]aneS4 can bind metal centres in either an exocydic 	(e.g. 
cis- [RuC12([14]aneS4)] (25)100) or endocyclic way (e.g. [Ni([14]aneS4)] 2 
(26)101), through all four S-donors. [14]aneS4 can also bind in a bidentate 
mode to one metal centre (e.g. [ReBr(CO)3([14]aneS4)1 	or two metal 
centres (e.g. [NbC15] [[14]aneS4] 102). 
(25) cis-[RuC12(114laneS4)1 	 (26) [Ni(E14JaneS4)1 2 
15 
The ligand cavity size of [16]aneS4 is sufficiently large to include a metal 
centre within the macrocyclic framework (e.g. [Pd([16]aneS4)]2 (27),24 
trans - [RhC12(116]aneS4)1+(28). 103 This ligand does not bind exclusively in 
this manner; [16]aneS4 binds the Ni(II) ions in an exocydlic fashion in 
[NiC12([1 6]aneS4)2] 2t82 
(27) [pd([16]aneS4)]2 	 (28) trans - [RhO2([16]aneS4)J 
Pentathia ligands: Relatively few complexes of [15]aneS5 are known. In 
[Pd([15]aneS5)] 2  and [Pt([15]aneS5)] 2 the metal ions are 5 
co-ordinate. 104'105  The Pd(H) ion has a distorted trigonal bipyramindal 
stereochemistry unlike the Pt(II) analogue, the stereochemistry of which is 
closer to square-based pyramindal. [15]aneS5 is known to bind in a 
bidentate mode in [Re(CO3)Br([15]aneS5)]. 97  The pentathia ligand can 
stabilise , the Cu(I) and Cu(II) species. 108-110  (discussed further in Chapter 
4). The analogous Ag(I) complex is not isostructural, in fact different cation 
structures were obtained for various anions. 106'107 Polymeric, dimeric and 
monomeric structures were determined for the PF6, BPh4 and B(C6F5)4 
salts respectively. The Ag(I) ion is [4+1] co-ordinate in the PF6 salt (29) and 
[4+1] co-ordinate in the B(C6F5)4  salt (31). In the dimeric species, the BPh 4 
16 
salt, the Ag(I) ions have different geometries, they are [3+1] and [4+1] 
co-ordinate with an asymmetrically bridging [15]aneS5 ligands (31). These 
structures are discussed further in Chapter 4. All of these complexes afford 
Ag(II) species on electrochemical or chemical oxidation. 107 This series of 
complexes highlights the flexibility of the co-ordination mode of [15]aneS5 
(29) [Ag([15]aneS5)I 	as the (a) (PF6) salt 
(30) (b) (BPh4) salt (31) (c) (B(C6F5)) salt 
Hexathia ligands: The hexadentate ligand [18]aneS6 can bind metal ions in 
a meso configuration, to give symmetrical octahedral stereochemistries e.g. 
[Ru([1 8]aneS6)]2 (32)111,  [Ni([18]aneS6)]2 112,113). The geometrical 
flexiblity of [18]aneS6 enables the extension of the axial interaction in 
tetragonally elongated stereochemistries, e.g. [Pd([18]aneS6)1 3  Pd..-Sap =  
2.5229(24)A, [Pd([18]aneS6)] 2 (as PF6 salt) Pd.--Sap= 3.0154(25)A,115 
[Pd([18]aneS6)] 2 (as BPh4 salt) Pd ... Sap= 3.2730(7)A, 1 '5  [Pt([18]aneS6)] 2 
Pt...Sap = 3.380(3)A.116 
The binding of all six S- donors is not always required. In [Cu([18]aneS6)1 
four S-donors are bound to the Cu(I) centre in a distorted tetrahedral 
17 
stereochemistry 117 (discussed in Chapter 3). [18]aneS6 can satisfy restricted 
electronic and stereochemical demands, enabling the stabilisation of certain 
ranges of metal oxidation states, e.g. Co(II)/(III), 8' 119 Pd(fl)/(ffl), 45 
Cu(I)/(II) 7 and Ag(I)/(fl). 120 Various binuclear [18]aneS6 species are 
known, e.g. [Cu2(NCMe)2([18]aneS6)] 221 and 
[1th2(C5Me5)2Cl2([1 8] aneS 6)]2t122 
(32) [Ru([18]aneS6)] 2 
Octathia ligands: [24]aneS8 and [28]aneS8 are [2+2] by-products from the 
[12]aneS4 and [14]aneS4 syntheses. 123-125  The donor sets of these ligands 
can be viewed as two sets of four S-donors within one ligand framework, 
presenting the possibility of encapsulation of two metal centres. However, 
the metal complexation of these ligands is limited. Products incorporating 
Nb(V),89 Ni(II),125 Pd(H),125 Cu(II),124 Ag(I). 126'127 and Hg(II) 126  have 
been reported, although no conclusive characterisation is available. Pd(II) 
and Pt(II) binuclear complexes have been synthesised in Edinburgh. 24 It is 
likely that the two d 8 metal centres adopt a square planar co-ordination 
within the macrocyclic cavity; although, this structure has not been 
confirmed by X-ray crystallography 
IM 
1.5 OBJECTIVES OF THIS WORK. 
The 'soft' cyclic thioether ligands have an affinity for 'soft ' transition metal 
ions.26 Many of the late second- and third-row metal ions form very stable 
complexes with a range of thioether crowns. 73 Extending the range of 
thioether macrocyclic complexes to include gold species is an obvious 
progression, since gold centres are known to exhibit a preference for 
S-donating ligands,128 (Section 2.1.). The objective of the work presented in 
this thesis was to synthesise and study a range of gold thioether macrocyclic 
complexes. By exploiting the compatibility of the gold centre with various 
thioether ligands it may be possible to invoke stable complexes which exhibit 
facile redox behaviour. Alternatively, by imposing an inherent mis-match 
between the gold centre and the ligand donor set or cavity, the resultant 
complex may have a strained stereochemistry or display unusual redox 
behaviour. 
19 
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2.1.1 Co-ordination chemistry of gold 
Current interests in the co-ordination chemistry of gold are diverse. These 
areas include bio-inorganic,1 33-135  cluster and organometallic 
chemistries129131 '136'137 and the study of novel species with unusual 
metal oxidation states and geometries. 130,132  A summary of the gold 
chemistry relevant to the work presented in this thesis will be given as an 
introduction. 
The general bonding of gold is influenced by relativistic effects- 138  These 
effects cause the contraction and stabilisation of the 6s level, with the 6p 
orbitals being stabilised but to a lesser extent. The 5d orbitals expand 
radially and are destabilised energetically; also these orbitals undergo spin-
orbit splitting. 138 The alteration of the relative energies of the 6s, 6p and 5s 
levels affects the chemistry of gold in a number of ways:- (i) The contraction 
of the 6s orbital explains the stronger and shorter covalent bonding, the 
larger electron affinity and first ionisation energy exhibited by gold in 
comparison to silver. 138 (ii) The relative stabilisation of the 6s and 
destabilisation of the 5d levels leads to low 5d-6s separation and making 5d 
orbitals of suitable energy for bonding. (iii) The low-lying 5d orbitals are 
helpful in stabilising the higher oxidation states of gold with respect to 
copper and silver. 138 
The chemistry of gold is dominated by complexes in the oxidation states +1 
and 3128,129,131 
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Bonding in Au(I) complexes: Hybridisation involving the 5d orbitals in 
Au(I) is considered to be a major cause of the high tendency of Au(I) to form 
linear complexes. 131 The current explanation for linear bonding in gold is 
that the closely spaced 6s and 5dz 2 orbitals mix to give orbitals 4,1 and W2 
(Scheme 2.1). The electron pair then occupies 4q, where the lobes are 
situated in the xy plane. Further hybridisation of 'V2  and  6Pz  give two 
orbitals 4f3 and v4 with lobes pointing along the z axis, suitable for accepting 
electrons from two ligands, resulting in linear co-ordination. 139 
Scheme 2.1 	 40 
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Bonding in Au(Ill) complexes: For square planar Au(HI) complexes valence 
bond theory predicts that Au(III) will have the 5d 8 configuration and that 
a-bonds will be formed using four 5dx 2-y2 6s 6Px 6Py hybrid orbitals. 129 
Calculations support this prediction. 140-142 
2.1.2 Complexes of Au(I) 
Au(I) complexes of the form [AuX2] (X = Cl -, Br, 1, N3, SCN) are all 
linear species in the solid-state. 129 Complexes of the type [AuX(L)] 
(X = halide, pseudo-halide, RS, Me; L = PR3. AsR3, SbR3, SR2) are also linear. 
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The synthetic  route to [AuX(PR3)] involves the reaction of [AuC141 with two 
equivalents of tertiary phosphine. The phosphine acts as both a reducing 
agent and a ligand. In aprotic solvents the reaction proceeds as shown (1)143 
(R = Ph, Et, Me): 
HAuC14 + 2 PR3 -* [AuCl(PR3)] + PR302 + HCl 
Introduction of an anionic bidentate ligand as in [Au(02CMe)PPh3] still 
results in the linear co-ordination at Au(I) being maintained. 144 However, 
an additional weak interaction to AuI) from a second donor of a bidentate 
ligand is possible, e.g. (2)-(3). Au(I) in complexes (2) and (3) can be 








(3) [(Ph3P)Au(bipy)] 131 
The compounds [AuX(PR3)] can react with excess PR3 (R = Ph, Et, Me) to 
give complexes of the form [AuX(PR3)2], [AuX(PR3)3] and 
[AuX(PR3)41 
.147-150 In [AuCl(PPh3)2] and [AuCl(PPh3)3] the chloride ion 
is co-ordinated to give distorted trigonal planar and tetrahedral 
stereochemistries, respectively. 151 152  When the anion is non co-ordinating 
(e.g. [BPh41) the complexes [AuX(PR3)31 have trigonal planar geometries, 
(e.g. [Au(PPh3)31[BPh4]). The compounds containing four tertiary 
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phosphines, [Au(PR3)4] , have regular or distorted tetrahedral 
stereochemis tries, 	 e.g. 	 [Au(PMePh2)4] (PF&, 
[Au(SbPh3)41 [Au(C6F5)2} •153-155 
The complexes [Au(Cl)L] (L 	= thioether ligand e.g. Me2S, Et2S, 
(HOCH2CH2)2S, or tetrahydrothiophene) are useful preparative 
intermediates because R2S can be easily displaced by other neutral or anionic 
groups- 156-158  The complexes [AuX(SR2)] are prepared by route (4): 
HAuC14 + 2R2S + H20— [AuCl(SR2)] + R2SO + 3HC1 
The co-ordinated chloride in [AuC1(SR2)] can be removed by a halide 
abstractor in the presence of the thioether ligartd to give complexes of the 
type [Au(SR2)2]X (X = PF6, BF4, C104) (5): 
[AuCl(SR2)] + SR2 + AgPF6 -' [Au(SR2)2]PF6 + AgC1 
The cation [Au(tht)2] 	(tht = tetrahydrothiophene) is an excellent 
preparative source of free Au(I) ions, since both the thioether ligands can be 
easily displaced by a variety of ligands, e.g. PPh3, AsPh3, SbPh3, bipy, phen, 
pyridine. 159 
Binuclear Au(I) complexes can be prepared using chelating phosphines and 
thiolatés. Bidentate phosphines can bridge between two Au(I) centres to 
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(6) n=1,2,3 	 (7a)X=CH2 	 (8a)X=CH 
R= Me, Et, Ph 	 (Th)XNH (8b)X=N 
Three co-ordinate Au(I) centres can be obtained by co-ordinating Cl - to the 
metal centres in particular "A-frame" species (7).163 Complexes (7a) and (7b) 
can be deprotonated with strong bases to give bis(diphenylphosphino)-
methanide (8a) or -amide (8b) derivatives. 164 -165 Bridged thiolate 
complexes incorporating tertiary phosphine groups have also been 
synthesised, e.g. (9), (10).131u 1 66 The oxidative addition reactions of 
binuclear Au "A-frame" complexes' have been studied extensively by 
Schmidbauer 192  and Fackler. 190191  (These reactions are discussed further 












Complexes of Au(I) with nitrogen donor ligands mainly consist of anionic 
and neutral heterocyclic ligated species, 128'129'131 e.g. 
([Ph3P)Au(bipy)] + (2), (11), (12). 1 3 1 
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2.1.3 Complexes of Au(III) 
The chemistry of Au(III) complexes is as extensive as that of AuW. 129 
However, whereas Au(I) chemistry is dominated by complexes with 'soft' 
ligands (e.g. PR3), Au(III) chemistry is not. 131 As predicted from the higher 
oxidation state, Au(III) can be considered to be a harder Lewis acid than 
Au(I), therefore, complexes of Au(III) incorporate both 'soft' and 'hard' 
ligands. All known Au(llI) complexes are diamagnetic and the vast majority 
are square planar, 129'131 [e.g. (13),1 67 (14),131 (15),168 (20), 177 (72).178] 
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Five co-ordinate Au(III) species are also known, in complexes (16) and (17) 
the 2,2' biquinolyl and 2,9-dimethyl-1,1,10-phenanthroline ligands are 
incapable of forming square planar complexes due to steric effects. The 
resultant complexes show distorted square-pyramindal 
stereochemistries. 169171  However, with more flexible chelate ligands 





Many neutral complexes of Au(111) can be obtained as simple adducts of R3Y 
(Y = P, As, Sb) with AuX3 (X = Cl-, Br CN, SCN)I131 e.g. Et3PAuC13, 
Et3PAu(CN3). 174175 Similarly numerous thioether complexes of the form 
AuX3(SR2) are known- 131,176  Bidentate thioether ligand compounds have 
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Au(Ill) complexes incorporating thioketones, thioamides, thioacids and 
thiourea are known, 178 e.g. (22), (23).131 
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Dithiolate and dithiocarbamate complexes of Au(III) are very stable and 
have been studied extensively. 131 The most common are the bis-ligand 
species e.g. (24),1 79 (25),180 although complexes incorporating only one 
dithiolate ligand have also been prepared, e.g. (26). 1 81 
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Au(Ill) complexes incorporating nitrogen donor ligands include the cationic 
complexes [Au(NH3)4]3, 182 [Au(py)2Cl21  183  and [Au(dien)Cl]2. 184 
In the solid-state [AuC12(en)2] 2  has a distorted octahedral stereochemistry, 
which is rare for Au(III) complexes. 129 
Macrocyclic complexes of Au(III) are limited to phthalocyanine and tetraaza 
ligated species e.g. (27),185 (28), 1 86 (29) ,187a (30).187b Compounds 
containing gold in a higher oxidation state (e.g. Au(V)) are restricted to the 
gold-containing fluoranions (e.g. AuF6) and gold pentafluoride (AuF&.130 
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2.1.4 Complexes of Au(II) 
As mentioned earlier, the chemistry of gold is dominated by the +1 and +3 
oxidation states. The chemistry of the intermediate oxidation state Au(11) is 
very limited.12931  lonisation energies show that it is more difficult to 
obtain Au(ll) than either Cu(II) or Ag(II), but easier to obtain Au(ffl) than 
Cu(III) or Ag(Ill). Hence genuine Au(II) complexes are rare because Au(ll) 
displays a strong tendency for disproportionation to give Au(I) and Au(III) 
species. Mononuclear Au(II) complexes should be paramagnetic and 
identifiable by e.p.r. spectroscopy: however, many compounds which, from 
their empirical formulae appear to be Au(H) species are not 
paramagnetic.  129'13°  Some of these complexes are in fact mixed oxidation 









Many binuclear Au(H) "A-frame" complexes contain Au-Au bonds and 
consequently are diamagnetic. 129,130,190 -196 These species are obtained by 
oxidative addition reactions of binuclear Au(1) phosphine ylide complexes 
(e.g. Scheme 2.2).19 1 96 
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These Au(H)-Au(II) species, (e.g. (ii) and (v)) have limited stability. In some 
cases the oxidative-addition reactions are reversible (e.g. (ii) back to (i)), and 
in other examples the Au(II)-Au(II) pair undergoes ligand migration to give 
a Au(I)-Au(III) unit, 190  (e.g. (ii) to (iv)). Also the oxidative addition to give 
Au(II)-Au(II) complexes can rapidly proceed further to give a Au(Ill)-Au(Hl) 
species,192  (e.g. (i) to (ii) to (iii)). Some further examples in which binuclear 
Au(I) complexes can be oxidised to give Au(II)-Au(II) species are given in 
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In reaction (33) the binuclear Au(I) species is oxidised to give the binuclear 
Au(II) species, which disproportionates to form a mixed-valence salt. 180 
Further experiments on this system produced a mononuclear paramagnetic 
intermediate. 198 This result led to subsequent attempts to isolate genuine 




n-Bu2NCS2 ligand was studied- 199 The presence of a paramagnetic species 
was confirmed by e.p.r. spectroscopy. 
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(34) 
Water and Gray prepared the mononuclear, paramagnetic Au(H) species 
(34), by the borohydride reduction of the corresponding Au(ffl) complex. 200 
This complex is stable in the solid state in the presence of air for short 
periods but in solution it is easily oxidised. This square planar complex (34) 
can be prepared by an alternative route (35)210 
(35) [Au(mnt)2] 3 + [Au(mnt)2] -p 2[Au(mnt)2] 2 
Detailed single crystal e.p.r. spectroscopic studies on [Au(mnt)2] 2  diluted in 
En - Bu4NI2 [Ni(mnt)2] showed that the unpaired electron is significantly 
delocalised over the mnt ligand, i.e. the electron is in a largely ligand-based 
molecular orbital. 202204 In fact the paramagnetic gold dithiocarbamate and 
1,2-dithiolate complexes are best described as Au(ffl) complexes 
incorporating a radical-anion ligand. 130 
There are two other reported examples of mononuclear Au(H) complexes. 
The first example of a paramagnetic gold (II) species was reported in 1965 by 
MacCragh and Koski. 205 They isolated a Au(H) phthalocyanine complex 
which was found to be e.p.r. active. In 1968 Warren and Hawthorne reported 
a Au(H) carborane species (Et4N)EAu(B9C2H11)21. 206 This blue-green solid 
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was found to have a magnetic moment neff = I .79BM, consistent with a 
Au(II) complex; however, e.p.r. spectroscopic data was not reported. 
Koley and co-workers have synthesised and characterised the dimeric Au(II) 
complexes (36) and(37). 207 These complexes are paramagnetic, the solution 
e.p.r. spectra showing a seven-line isotropic signal, assigned to two 
interacting Au(II) centres. However, the hyperfine coupling to the 197Au 
nuclei is very small (A50 = 4.25G) suggesting very low metal character for 
the molecular orbital occupied by the unpaired electrons, i.e. the unpaired 
electron is probably delocalised over the ligand ic-system. 
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2.1.5 Cluster and organometallic gold chemistry 
Gold cluster and organogold chemistries are growing areas, and have been 
reviewed extensively. 131,139,208 The work on gold cluster complexes 
centres mainly on the reduction of [Au(X)PR3] compounds. 128 In one 
example, B2H6 was used to reduce [Au(Cl)PPh3] resulting in the formation 
of Au55(PPh3)12C16 209;  smaller clusters of Aun  (n=4,5,6,8,9,11, 13) are 
also known. Mixed metal clusters are numerous and many exploit the 
assumption that the AuL unit is approximately isolobal with the H atom.131 
Alkyl derivatives of both Au(I) and Au(III) are known in organogold 
chemistry, but will not be discussed. 7'210 
2.1.6 Applications of gold chemistry 
Au(I) thiolates have important applications in the deposition of gold films 
and in the treatment of rheumatoid arthritis- 129  They exist as linear and 
cyclic oligomeric or polymeric species- 211  The polymeric Au(I) thiolates 
may be insoluble solids or liquids. These latter "liquid golds" may be 
painted onto ceramics and then pyrolyzed to give decorative gold films. 
Chemotherapeutic applications of gold compounds have been 
studied. 13335 Au(I) compounds such as (38)-(40) are administered 
intramuscularly and are effective drugs for the treatment of rheumatoid 
arthritis, although toxic side-effects are a significant problem. 134 The 
tertiary phosphine complex (40) has various advantages over (38) and (39), 
(1) it is administered orally, (ii) it has enhanced lipid solubility which 
facilitates its absorption and distribution of gold throughout the body, (iii) 
there are reduced harmful effects, especially for the kidneys, due to its 
different solubility. 135 The effectiveness of this complex (40) has lead to a 
new generation of gold phosphine anti-arthritic compounds. 
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Although the mechanism of the action of gold drugs is still unclear, it is 
believed that the interaction of Au(I) centres with thiol groups of proteins 
and enzymes is of key significance. 133  The general toxicity of gold may in 
part be due to reactions with cysteine disulphide groups in proteins. 135 
The binding of gold species to DNA has shown that Au(I) and Au(H) 
complexes can produce inter-strand crosslinks and single-strand breaks 
which are potential anti-cancer properties. 212214 Also 
(2-hydroethylpyridine)-trichloro-gold is known to inhibit DNA 
replication.215. Auranofin (40) is extremely cytotoxic to tumour cells in cell 
culture experiments, which evokes the possibility of its use as an anti-cancer 
agent.216 Some Au(I) thiolate complexes (e.g. Au(I)-thioglucose) have been 
found to be effective inhibitors of human immunodeficiency virus (HIV) 
reverse transcriptase. 135 Therefore complexes related to gold thioglucose 
may be beneficial anti-viral agents, if mobilisation of the active species into 
the cells can be achieved. 
34 
2.1.7 Aims of this work 
The gold-sulphur interaction dominates the biological applications of gold 
chemistry. 133-135 The specific nature of this interaction and the reactions of 
the redox-active gold centres still remain unclear. Hence, the synthesis of 
gold-sulphur based complexes with the potential to exhibit facile redox 
behaviour was pursued. 
Previous studies have demonstrated that the macrocycle [9]aneS3 can 
impose a specific co-ordination sphere about a second- or third row 
transition metal centre, 73 producing unusual stereochemistries and the 
stabilisation of rare oxidation states, e.g. [Pd([9]aneS3)2]' (n = 2,3,4), 93-95 
[Rh([9]aneS3)2] m  (m = 1,2,3). 86-87 
Complexation of gold in the +1, +2 and +3 oxidation states using [9]aneS3 
has been achieved by the Edinburgh group. 97,217,218  However, at the onset 
of this work only structural characterisation of these species had been carried 
out due to the low-yield synthetic routes to these complexes. The structures 
of the [Au(9]aneS3)2] (n = 1,2,3) cations will be discussed within the 
context of this work. The initial aims of the work described in this Chapter 
were to establish reproducible high-yield syntheses of [Au(9IaneS3)2]' 
(n = 1, 2, 3) complexes and characterise them fully using electrochemical and 
e.p.r. spectroscopic techniques. Secondly the synthesis and characterisation 
of [Au([9]aneS3)PPh3Y' was undertaken. 
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2.2 RESULTS AND DISCUSSION 
2.2.1 Synthesis and characterisation of [Au([9]aneS3)2](PF6) 
The synthesis of [Au([9]aneS3)21(PF6) has previously been reported; 
however, only structural characterisation was obtained due to the very low 
yield (5%) of the product. 2.17 Therefore, an alternative higher-yield synthetic 
route was urgently required. 
The reported synthesis of [Au([9]aneS3)21  used KAuC14 as a starting 
material to produce a yellow complex with [9]aneS3, assigned as 
[AuC13[9]aneS3)]. Further reaction of this complex with one equivalent of 
[9]aneS3 under reducing conditions (MeOH) afforded [Au([9]aneS3)21, 
which was isolated as the PF6 salt. 217 The very low yield of this product 
may have been due to the sensitivity of the reduction step. By avoiding 
Au(Ill) starting materials this reduction step would be eliminated. 
Therefore, a suitable Au(I) starting material was required. Removing the 
phosphine group from Au(I) phosphine species can be exceptionally 
difficult; hence,the synthesis of a homoleptic Au(I) complex using this route 
was not feasible. The species [Au(SR2)2]+  are known to be good precursors 
for the synthesis of Au(I) complexes 159 (see Section 2.1.2a). Therefore, the 
complex [Au(tht)2](PF6) was used in the synthesis of [Au([9]aneS3)21(PF6). 
The reaction of [Au(tht)2](PF6) with two molar equivalents of [9]aneS3  in 
stirring, degassed CH2C12 at 0°C afforded, on the addition of Et20, a white 
precipitate. This product was obtained in 76% yield and shows f.a.b. mass 
spectral peaks at M = 557, 377 assigned to [197Au([9]aneS3)2], 
[197Au([9]aneS3)IF respectively. On the basis of this evidence together with 
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microanalytical and i.r. spectroscopic data, the product was assigned as 
[Au([9]aneS3)2](PF6). Full experimental details are given in Section 2.4.2. 
This complex decomposes in CH 2Cl2, MeCN, MeNO2, Me2CO, MeOH 
within —30 mins., to give metallic and/or colloidal gold. Consequently, due 
to decomposition and limited solubility n.m.r. studies were unsuccessful. 
The structural determination of [Au([9]aneS3)2] carried by A.J. Blake et. 
al.217 shows a distorted tetrahedral stereochemistry at the d 1 ° Au(I) centre 
with one [9]aneS3 macrocycle bound asymmetrically through three S-donors, 
Au-S(14) = 2.825(8), Au-S(1I) = 2.35001 ), Au-S(17) = 2.733(8)A and the 
other ligand bound through one S-donor, in a monodentate fashion, 
Au-S(21) = 2.302(6)A (Figure 2.1). The [Au([9]aneS3)2] cation is not 
isostructural with the Ag(I) congener. The structure of [Ag([9]aneS3)21 
shows the Ag(I) centre bound to six S-donors in an octahedral arrangement, 
with Ag-S(1) = 2.6665(12), Ag-S(4) = 2.7813(10)A. 91 '219 Therefore the [2+2] 
co-ordination at the Au(I) centre can be considered as compromise between 
the preferred facial binding of [9]aneS3  and the tendency of Au(I) for linear 
co-ordination. The largest angle at the Au(I) centre is distorted from 
linearity, S(11)-Au-S(21) being 153.98(23)0. 
Figure 2.1: 	Single crystal structure of [Au([9]aneS3)2](PF6) 
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Subsequent to the publication of [Au([9]aneS3)2]' 3  by the Edinburgh 
group/217  the Au(I) thioether macrocyclic complex [AuC1[9]aneS3)] was 
reported by Parker. 227 In this complex [9}aneS3 is bound in a monodentate 
fashion to Au(I), Au-S = 2.270(3), Au-Cl = 2.267(3)A, with the angle 
S(1)-Au-Cl being 176.31(1)° (41). The Au atom is also weakly co-ordinated to 
two adjacent Au atoms, (Au-Au = 3.3095(4)A) producing an almost linear 
chain of Au atoms. The strained solid-state conformation of [9]aneS3  in this 
species is similar to the conformation of the monodentate [9]aneS3 in 
[Au([9]aneS3)21.217  N.m.r. studies on [AuC1([9]aneS3)] suggest that the S-
donors are equivalent in solution and involved in a rapid intramolecular 
exchange process- 227  This is the only other reported Au(I) macrocydic 





2.2.2 197Au Mössbauer spectroscopic data for [Au([9]aneS3)2](PF6) 
All the 197Au Mössbauer spectroscopic data was collected and interpretated 
in collaboration with Dr. R.V. Parish. The 197Au Mössbauer spectrum of 
[Au([9]aneS3)2](PF6) shows a simple doublet (Figure 2.2) with isomer shift 
(I.S.) = -0.1(5) mms4  and the quadrupole splitting (Q.S.) = 4.00(8) mms 4, 
consistent with four co-ordination at the Au(I) centre. 220 These results are 
consistent with the known structure previously determined by X-ray 
crystallography. (Section 2.1.1) 
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Figure 2.2: 	197Au Mössbauer spectrum for [Au([ 9]aneS3)21(PF6) 
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2.2.3 Characterisation of [Au([9]aneS3)2] 3 
[Au([9]aneS3)2] 3 species 	could 	not be 	synthesised 	under ambient 
conditions due to the reduction of the Au(III) centre. However, chemical 
oxidation of [Au([9]aneS3)] using 98% HC104 afforded red crystals of the 
d8 Au(III) complex. 217 The structure determination carried out by A.J. 
Blake et. al.217 shows that [Au([9]aneS3)2] 3 cation shows a tetragonally 
elongated octahedral stereochemistry at the Au(III) centre (Figure 2.3). Four 
Au-S bonds define a square plane, Au-S(4) = 2.348(4), Au-S(7) = 2.354(4)A, 
while the two remaining two donors participate in long range apical 
interactions, Au ... S(1) = 2.926(4)A. The stereochemistry at the d 8 Au(H1) 
centre is similar to that adopted at the d 8 Pd(H) centre in the analogous 
[Pd([9]aneS3)21 2  complex.93'94 
Figure 2.3: Single crystal X-ray structure of [Au([9]aneS3)2] 3 
Under acidic conditions [Au([9]aneS3)2] 3 does not undergo the ring- 
opening mechanism proposed for [9]aneS3 bound to an electropositive 
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centre229  (discussed in Section 1.4); although the potential ring-opening 
reaction may contribute to the unsuccessful synthesis of [A u([9]aneS3)2]3+ 
under ambient conditions. Au(HI) is considered to be a 'harder' Lewis acid 
than Au(I) hence the affinity for 'soft' S-donors is reduced for Au(M) 
compared to Au(I)- 129  The mis-match of Au(HI) with the S-donors along 
with the potential ring-opening reaction may explain the diminished stability 
of [Au([9]aneS3)2] 3 . 
2.2.4 Synthesis and characterisation of [Au([9]aneS 3)21(BF4)2 
[Au([9]aneS3)21(BF4)2 can be synthesised in good yield using a modified 
synthetic route first outlined by A.J. Holder. 228 
Refluxing HAuC14 with 2 molar equivalents of [9]aneS3 in 40%aq. HBF4 
produces a brown solution. To the resultant mixture MeNO2 was added, 
followed by H20 to facilitate the extraction of the complex into the organic 
solvent. The combined extracts were reduced in volume and the resultant 
brown oil was taken up in MeCN. Bulk vapour diffusion with Et20 yielded 
an orange-brown microcrystalline product. A white, non-metal containing 
contaminant was isolated at this stage; full characterisation has shown the 
product to be a bicyclic sulphonium salt of [9]aneS3 (see Chapter 8). The 
synthesis of [Au([9]aneS3)21 2  involves reduction of the Au(III) starting 
material with the excess [9]aneS3 being oxidised. 
The orange-brown microcrystalline compound, the major product, shows 
f.a.b. mass spectral peaks at M = 645, 577 assigned to 
[197Au([9]aneS3)2BF4] + and [ 197Au(1191 aneS3)2] + respectively. The product 
was assigned as [Au([9]aneS3)21(BF4)2, on the basis of this evidence and 
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additional data from microanalyses and i.r. spectroscopy. Full experimental 
details are given in Section 2.4.3. The complex dissolves in MeCN to give an 
orange solution, the electronic spectrum of which shows two bands at 
max = 402 nm (P-max = 8100 M 1 cnf1 ), 234 (14700). The band at 234 nm is 
probably due to a ligand to metal charge-transfer transition. Assignment of 
the band at 402 nm is more difficult, as the extinction coefficient is high for a 
pure d-d transition yet low for a charge-transfer transition. 
The structural determination of [Au([9]aneS3)2](BF4)2 carried out by A.J. 
Blake et. al., shows that in the centrosymmetric [Au([9]aneS3)21 2 cation the 
Au(II) centre is bound to six thioether donors in a tetragonally elongated 
stereochemistry, 	Au-S(1) = 2.839(5), 	Au-S(4) = 2.462(5), Au-S(7) = 
2.452(5)A.218 	(Figure 	2.4) The 	two 	[91aneS3 macrocycles therefore 
encapsulate the genuine d 9 Au(II) centre to give a Jahn-Teller distorted 
octahedral stereochemistry. 
Figure 2.4: Single crystal X-ray structure 
of [Au(19]aneS3)21(BF4)2 
[Au([9]aneS3)2](BF4)2 is an air-stable solid and shows no appreciable 
degradation over several months. As discussed in Section 2.1.4 
mononuclear Au(II) species are exceptionally rare, due to the tendency for 
disproportionation to the more stable Au(I) and Au(HI) ions. 129131 
[Au([9]aneS3)2] 2  does not disproportionate under ambient conditions and 
is the first structurally characterised mononuclear Au(H) species. 
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2.2.5 197Au Mössbauer spectroscopic data for [Au([9]aneS3)21(BF4)2 
The 197Au Mössbauer spectrum for [Au([9]aneS3)2](BF4)2 has a 
non-standard shape. To interpret this spectrum magnetic ordering at the Au 
nucleus was assumed. A first-order treatment of simultaneous splitting/ 
modification of the nuclear energy levels by a magnetic field and a 
quadrupole interaction were the basis of the model used. 224 It was possible 
to fit the data to this model (Figure 2.5). This gave values of I.S. = 
0.78(3) mms 1 , Q.S. = +3.1(5) mms and B = 21(5)T. 
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Figure 2.5: 	'Au Mössbauer spectrum of [Au([9]aneS3)21(BF4)2 
2.2.6 E.p.r. studies of [Au([9]aneS3)2] 2 
The fluid solution e.p.r. spectrum of [Au([9]aneS3)2](BF4)2  in MeNO2, at 
293K, shows an isotropic signal with g 50 = 2.016 and hyperfine coupling to 
197Au (I = 3/2, 100%) producing a quartet with Aj50 = 443G, (Figure 2.6). 
The X-band spectrum of [Au([9]aneS3)21(BF4)2 in MeCN as a frozen glass at 
77K shows a broad, ill-resolved anisotropic signal (Figure 2.7). However, on 
the addition of a 100-fold excess of nBu4Npp6  to the sample a better resolved 
signal is obtained (Figure 2.8). 	The nBu4NPF6 proved to be a good 
diamagnetic, inert dilutant, (presumably disrupting the ion pairings of 
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[Au([9]aneS3)2] 2 ) minimising the spin-spin relaxation of the Au(ll) centres 
which probably caused the line broadening. The resultant spectrum was 
initially assigned as a simple rhrombic signal with g1 = 2.018 (Al = 17.3G), 
92 = 2.023 (A2 = 56.9G), 93 = 2.007 (A3 = 58.7G), with all the rhombic 
components showing hyperfine coupling to the 197Au nucleus. Attempted 
simulation of this spectrum using g and A tensor parameters only did not 
reproduce the experimental spectrum (Figure 2.9).226  The effects of the 
quadrupole (P) and nuclear Zeeman (g) interactions are likely to be 
significant in this complex and related systems (see also Sections 3.2.9, 4.2.12) 
for the following reasons: (i) The overall appearance of the spectra is not 
readily recognisable as deriving from a rhombic (or axial) system for which 
I = 3/2. (ii) Attempts at simulating the spectra using g and A tensors only 
were unsuccessful. (iii) [Au(mnt)2] 2 displays a substantial quadrupole 
coupling interaction; this contributes to the weak (forbidden) transitions 
appearing outside the central region of the spectrum. 204 Similar features are 
seen in the X-band spectrum of [Au([9JaneS3)2]2  (Figure 2.8 marked by 'I). 
The effects of nuclear quadrupole and nuclear Zeeman interactions have 
made full assignment of the anisotropic signal recorded for 
[Au([9]aneS3)2 ] 21 difficult. However, the estimated initial g values from the 
X-band spectra indicate some covalent character of the Au-S bonds. This is 
consistent with the it-accepting S-donors removing electron density from the 
Au nucleus, consequently reducing the spin-orbit coupling. To quantify the 
s/d character of the unpaired electron, exact g values, hyperfine and 
quadrupole constants are required. Obtaining these values requires 
computer simulation incorporating the extra terms in the spin-Hamiltonian. 
This is beyond the scope of this work. 
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Figure 2.6: 	X-band solution e.p.r. spectrum of [Au([9]aneS3)2](BF4)2 
Figure 2.7: 	X-band frozen glass e.p.r. spectrum of [Au([9]aneS3)2](BF4)2 
MeCN frozen glass at 77K 	 Centre field 3300 C 
Sweep width 1000 C 
9.37 GHz 
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Figure 2.8: 	X-band frozen glass e.p.r. spectrum of [Au([9]aneS3)2](BF4)2 withBu4NPF6 
MecN frozen glass at 77K 	 Centre field 3300 G 
Sweet width 1000  
Second Derivative 
Figure 2.9: 	Simulated e.p.r. spectrum of [Au([9]aneS3)21(BF4)2 
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Solution e.p.r. spectral data for some known paramagnetic mononuclear 
gold species are listed in Table 2.1. 
Table 2.1: Solution e.p.r. data for some paramagnetic gold species 
g 	A(197Au)/cm 1 Ref 
[Au(phthalocyanine)] 	2.065 	61 .OXI 0 205 
[Au(S2CNEt2)] 	 2.040 	28.0X10 4 139 
[Au(Se2CNEt2)2] 	 2.013 	28.9x10-4  139 
[Au(S2CN'Pr2)2] 	 2.040 	28.Ox1 198 
[Au(S2CNBu2)21 	 2.039 	26.2x10-4 199 
[Au(mnt)*2] (NBu4)2 	2.009 	27.6x1 O 200 
[Au([9]aneS3)2](BF4)2 	2.016 	42.Ox10 this work 
(*mnt = maleonitriledithiolate: [S2C2(CN)2] 2 ) 
[Au(mnt)2]2  has been co-crystallised with its Ni(II), Pd(H) or Pt(ll) analogue 
and studied by single crystal e.p.r. techniques. 205'204 These revealed that 
the unpaired electron is in a largely ligand-based molecular orbital and that 
the quadrupole effects are significant. 
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[Au([9]aneS3)2] 2 	exhibits a greater hyperfine coupling constant in the 
solution spectrum than the 1,1-dithiolate and 1,2-dithiolate complexes, 
suggesting greater metal-based character of the unpaired electron. This is 
not surprising, since unlike the dithiolates thioether macrocycles do not tend 
to stabilise bound ligand-radical species. 26 
Preliminary work towards a single crystal e.p.r. study of [Au([9]aneS3) 2]2 
was undertaken. Magnetically dilute single crystals of a diamagnetic host 
doped with [Au([9]aneS3)2](BF4)2 are required for this type of e.p.r. study. 
[Pd([9]aneS3)2](BF4)2 was selected as the diamagnetic host based on the 
identical nuclear charge and the near iso-structural stereochemistry of the 
Pd(ll) cation in comparison with the Au(II) cation. 
[Pd([9]aneS3)21(BF4)2 (prepared as outlined in ref. 93,94) was dissolved in 
dry MeCN and 0.1 molar equivalent of [Au([9]aneS3)2](BF4)2 was added. 
The resultant solution was stirred then filtered into Et20 to afford a blue-
green precipitate. The blue-green solid was re-dissolved in dry MeCN and 
yielded a green microcrystalline solid after slow evaporation of the solvent. 
The e.p.r. powder spectrum, of the doped sample at 290K, shows an 
anisotropic signal (Figure 2.10) similar to the frozen glass e.p.r. spectrum of 
[Au([9]aneS3)21 2  in the presence of 'Bu4NPF6 (Figure 2.8). The resolution 
of the doped powder spectrum is not as good as the frozen glass spectrum, 
however, it is greatly improved over the powder e.p.r. spectrum of pure 
[Au([9]aneS3)2](BF4)2 (Figure 2.11), which shows a broad isotropic signal. 
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Figure 2.10: 	The e.p.r. powder spectrum of (Pd([9]aneS3)21(BF4)2 doped with 10% 
[Au([9]aneS3)2](BF4)2 at 293K 
Centre field 3300 C 
Figure 2.11: 	The e.p.r. powder spectrum of [Au([9]aneS3)2](BF4)2 at 293K 
Therefore, it can be deduced that the concentration of [Au([9]aneS3)2](BF4)2 
in the doped sample was too high. The control of the concentration of 
[Au([9]aneS3)2](BF4)2 within the host proved difficult, due to the gradual 
degradation of the Au(II) species during the synthesis of the doped complex. 
The growth of doped single crystals sufficiently magnetically dilute may be 
possible under different solvent and temperature conditions, however time 
did not allow this to be carried out successfully. 
2.2.7 Electrochemical study of [Au([9]aneS3)2]' 
Due to the relative instability of [Au([9]aneS3)2](PF6) in solution the 
electrochemical study was carried out on the Au(II) complex 
[Au([9]aneS3)2}(BF4)2. Cyclic voltammetry of [Au([9]aneS3)2](BF4)2 at 
platinum electrodes in MeCN (0.IM BU4NBF4) shows a quasi-reversible 
oxidation at E = +0.44V (AE = 80mV) and two irreversible reductions at 
1 /2 	 p 
Epc1 = +0.15V, and Ep2  =-0.58V vs Fc/FcI at a scan rate of 200 mVs 
(Figure 2.12). 
Figure 2.12: 	Cyclic voltammogram of [Au([9]aneS3)2](BF4)2 
Current 
MeCN (0.1M 'Bu4PF6) 
scan rate of 200 rnVs 1 
Coulometric measurements confirmed a one-electron oxidation step on the 
applied potential from +0.30V (A) to +0.60V (B), producing a e.p.r. silent 
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solution consistent with the oxidation of the initial Au(II) to a d 8 Au(HI) 
species. This process is chemically reversible. [Au([9]aneS3)2]2  also 
undergoes a one-electron reduction at an applied potential of O.OV(C) to give 
a colourless, diamagnetic solution consistent with a d 10 Au(I) species, 
although this process is only partially reversible due to decomposition. The 
remaining reduction at Epc2 = 0.58V is assigned as a Au(I)/(0) couple. 
The Au(I) complex [Au([9]aneS:3)2](PF6) is sufficently stable in CH2C12 to be 
studied by cyclic voltammetry. The redox behaviour of [Au([9]aneS3)2](PF6) 
at platinum electrodes in CH2C12 (0.4M nBU4NpF6) is identical to that 
exhibited by the Au(II) complex in MeCN (Figure 2.12). 
The absence of the initial anodic peak on the cyclic voltammetric time-scale is 
due to the very slow electron transfer, indicative of a stereochemical change 
occurring on the oxidation of d 10 Au(I) to d9 Au(ll). 
2.2.8 Spectroelectrochemical study of [Au([9]aneS3)21(BF4)2 
The redox behaviour of [Au([9]aneS3)2](BF4)2 can be monitored by UV/Vis 
spectroscopy using the in situ electrogeneration O.T.E. technique (discussed 
in Appendix A). [Au([9]aneS3)21(BF4)2 shows characteristic absorption 
bands at Xmax = 402 nm (emax = 8100 M 1 cm4), 234 (14700). Conversion of 
Au(II) to Au(ffi) at +0.73V (vs Fc/Fc at 253K) shifts the absorption bands to 
Xmax = 334 nm (emax = 17075 M 1 cm4), 248 (15290) with isobestic points at 
Xiso = 360, 208 nm (Figure 2.13). The presence of isosbestic points indicates 
that there are no apparent transient intermediates occurring during the 
redox process. 
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Figure 2.13: 	Spectroelectrochemical study of IAu([9]aneS3)2](BF4)2 
(oxidation of [Au([9JaneS3)2] 2 to [Au([9]aneS3)2] 3 ) 
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Figure 2.14: 	Spectroelectrochemical study of LAu([9]aneS3)2](BF4)2 
(reduction of [Au([9]aneS3)21 2 to [Au([9]aneS3)21 +) 














The oxidation to Au(III) is fully chemically reversible with reduction to the 
original Au(H) species occurring at an applied potential of +0.30V 
(vs Fc/Fc). The reduction of [Au([9]aneS3)2]2 to  [Au([9]aneS3)2] at O.OV 
shows the collapse of all the absorption bands (Figure 2.14). The resultant 
featureless spectrum is consistent with a d 10 species. Partial return to 
[Au([9]aneS3)2] 2  from [Au([9]aneS)2] can be obtained at +0.30V and at 
an elevated temperature (293K). 
2.2.9 Summary of [Au([9]aneS3)2]' chemistry 
High-yield 	synthetic 	routes 	to 	[Au([9]aneS3)21(PF6) 	and 
[Au([9]aneS3)2}(BF4)2 have been established. The electrochemical studies 
have confirmed that [9]aneS3 can stabilise Au(I), Au(II) and Au(ffl). The 
e.p.r. behaviour of the Au(II) species is consistent with the metal centre being 
in a distorted octahedral stereochemistry, as confirmed in the solid-state 
structure of [Au([9]aneS3)21(BF4)2.  The [Au([9]aneS3)21 species is prone to 
decomposition probably via the loss of the terminally bound monodentate 
thioether ligand. The stabilisation of the Au(I) centre using PPh3 was also 
examined. 
2.2.10 Synthesis and characterisation of [Au(PPh3)([9]aneS3)](PF6) 
The reaction of [Au(PPh3)Cl] with one molar equivalent of [9]aneS3 in a 
3:5 v/v MeCN: MeNO2 mixture under reflux gave a colourless solution. 
Addition of NH4PF6 gave a white solid in good yield which was 
re-crystallised from MeNO2 and Et20. The product shows f.a.b. mass 
spectral peaks at MI = 638, 459 assigned to [197Au(PPh3)([9]aneS3)] and 
[197Au(PPh3)] respectively. On the basis of this evidence together with 
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microanalytical and i.r. spectroscopic data, the product was assigned as 
[Au(PPh3)([9]aneS3)](PF6). This complex is stable in the solid-state. 
The 1 H n.m.r. spectrum of [Au(PPh3)([9]aneS3)](PF6)  in CD3NO2 shows 
two broad resonances at 6 = 2.87 - 3.18 ppm and 6= 7.55 - 7.65 ppm due to 
the macrocyclic and aromatic protons respectively. This spectrum is similar 
to the 1H n.m.r. spectrum reported for [Cu(PPh3)([91aneS3)1(C104)  in 
CD3NO2.37 
The 13C n.m.r. spectrum of [Au(PPh3)([9]aneS3)](PF6)  shows three 
resonances due to the aromatic carbons at 6 = 127.41, 129.63, 131.87 ppm, and 
a single methylene resonance at 6 = 28.01 ppm due to the macrocyclic 
carbons. The appearance of the single macrocydic resonance may be due to 
the bound [9]aneS3  undergoing a rapid intramolecular exchange process in 
solution. Lowering the temperature may affect such a process. 
Unfortunately attempts to obtain n.m.r. spectra of [Au(PPh3)([9]aneS3](PF6) 
at 253K resulted in the precipitation of the complex from solution. Therefore 
unambiguous information on the binding of [91aneS3 to the Au(I) centre 
could not be obtained from the n.m.r. studies. 
Attempts to grow single crystals of [Au(PPh3)[9]aneS3)](PF6) by vapour 
diffusion and hexane layering methods produced white films and powders. 
The structure of the [Cu(MPh3)([9]aneS3)1 cation is known (Figure 2.15). 
The [9]aneS3  ligand is bound facially to the Cu(I) centre, with the AsPh3 
ligand completing the distorted tetrahedral stereochemistry at the metal 
centre. 
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Figure 2.15: 	Structure of LCu(AsPh3)([9]aneS3)1 
p 
C 
[9]aneS3 can bind to Au(I) in a facial or monodentate fashion as seen in 
[Au([9]aneS3)2]. If the Au(I) centre in [Au(PPh3)([9]aneS3)1 were linear, 
the [9]aneS3 ligand would have to bound through only one S- donor, which 
may be relatively insecure. The [Au(PPh3)([91aneS3)](PF6) complex is very 
stable suggesting a more stable binding mode of [9]aneS3, i.e. facial 
co-ordination (Figure 2.16). 
Figure 2.16: 	Proposed structure of [Au(PPh3)([9]aneS3)1 
(/7 
. Au 
[Au(PPh3)[91aneS3)1(PF6) is redox inactive at platinum electrodes in MeCN 
(O.IM nB U4NPF6) in the potential range of +1.2V to -2.2V vs Fc/Fc. 
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2.3. CONCLUSIONS 
The stabilisation of [Au([9]aneS3)2]' (n = 1,2,3) species reflects the ability 
of [9]aneS3  to act as a formal 2, 4 and 6 electron donor. The isolation and 
characterisation of the mononuclear [Au([9]aneS3)2]2+  complex has 
presented a rare opportunity for the study of this unusual oxidation state of 
gold under ambient conditions. 
The probable loss of the monodentate [9]aneS3 in  [Au([9]aneS3)21  accounts 
for the relative instability of this species. The stability of [Au([9]aneS3)2] 3 
under ambient conditions is affected by the mis-match of Au(HI) centre with 
the 'soft' S-donors of [9IaneS3, together with the potential for ring-opening 
reactions.26 The relative instability of the [Au([9]aneS3)21 and 
[Au([9]aneS3)2] 3  species undoubtedly enhances the stability of the 
intermediate Au(II) complex. 
Interestingly, by using a facially capping trithia macrocycle, Au(I) and 
Au(ffl) (the normal oxidation states for Au) have been relatively destabilised, 
while Au(H) (the 'rare' oxidation state) has been stabilised. 
Replacement of one [9]aneS3 ligand in [Au([9]aneS3)2] with a tertiary 
phosphine, PPh3 produces a stable Au(I) complex. The phosphine ligand 
stabilises the Au(I) centre so well, that the redox behaviour of 
[Au(PPh3)([9]aneS3)] (PF6) is limited. 
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2,4 EXPERIMENTAL SECTION 
2.4.1 Synthesis of [Au(tht)Cl1 
HAuC14 (340 mg, 1.0 mmol) in dry ethanol was added to a stirring solution 
of tetrahydrothiophene (tht) 0 cm 3) in ethanol (10 cm3), a white precipitate 
was formed immediately. The suspension was stirred for 30 mins. at room 
temperature, then stored at -20°C overnight. The product was collected and 
washed with ethanol, dried in vacuo and stored at -20°C. (Yield 266 mg, 
83%). M.Wt = 320.63. I.r. spectrum (KBr disc): 2950w, 2920, 2880, 1435, 
1425, 1380w, 1310, 1265, 1255, 1195w, 1080w, 1040w, 950, 900w, 740w, 760w, 
340 and 330 cm -1 . 
2.4.2 Synthesis of EAu(tht)21(PF6) 
Method as in ref 159. The white product was dried in vacuo and stored at - 
20°C. (Yield 373 mg, 72%). M.Wt = 518.27. I.r. spectrum (KBr disc): 2950, 
2920, 2850, 1435, 1425, 1310, 1265, 1235, 1195w, 900, 840-820, and 560 cm. 
F.a.b mass spectrum (3-NOBA matrix): found M = 373. Caic. for 
[197Au(C4H8S)2]: M = 373, with fragmentation products at 345, 331, 317, 
285. Caic. for [M - (CH2)21 = 345, [M - (CH2)31 = 331, [M - (CH2)41 = 
317, [M - (CH2)4S] = 285. 
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2.4.2 Synthesis of EAu([9]aneS3)21(PF6) 
Reaction of [9]aneS3 (40 mg, 0.222 mmol) with [Au(tht)21(PF6) (61 mg, 
0.117 mmol) in stirring CH2C12 00 cm 3) for 15 mins in the dark at 0°C gives 
a colourless solution. Filtration into Et20 (30 cm 3) afforded a white 
precipitate which collected and washed with Et20. The white solid was 
dried in vacuo, stored at -20°C. (Yield 119 mg, 76%) M.Wt. = 702.64. 
Elemental analyses: found C = 18.0, H = 2.97%. Calc. for 
C12H24S6Au1P1F6: C = 20.5, H = 3.44%. I.r. spectrum (KBr disc): 2900, 
1450, 1440, 1410, 1310, 1280, 1210, 1190, 1150, 940, 920, 840-820 and 560 cm - 1 . 
F.a.b. mass spectrum (3-NOBA matrix) : found M = 557, 337. Caic. for 
[19Au([9]aneS3)2]: M = 557; [ 197A1i([9]aneS3)]: M = 377, with correct 
isotopic distributions. 
2.4.3 Synthesis of [Au([9]aneS3)21(BF4)2 
To a stirring suspension of [9]aneS3 (70 mg, 0.388 mmol) in 
40%aq. HBF4(15 cm3), HAuC14 (66 mg, 0.194 mmol) was added. The 
mixture was refluxed for 15 mins. To the resultant brown solution MeNO2 
(40 cm3) was added, followed by H20 (80 cm3) to facilitate the extraction of 
the complex in the organic solvent. Additional washing of the aqueous 
layer using MeNO2 (4 x 10 cm 3) gave combined extracts, from which the 
solvent was removed in vacuo. The brown oil was washed with CH2C12 
(5 cm3), and the residue taken up in MeCN (10 cm 3). Bulk vapour diffusion 
with Et20 into the MeCN solution over 18hrs. under pressure, yielded an 
orange-brown microcrystalline product on filtration and washing with Et20. 
Dried in vacuo. (Yield 107mg, 75%). M.Wt. = 731.57. Elemental analyses: 
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found C = 19.2, H = 3.20, N = 0.06%. Calc. for C12H24S6Au1B2F8 : C = 19.7, 
H = 3.28%. I.r. spectrum (KBr disc): 2940, 2900, 1440, 1420, 1405, 1295, 1290, 
1285,1080-1030,940,920,965w, 880, 825, 810,530 and 520 cm'. F.a.b. mass 
spectrum (3-NOBA matrix): found M = 645, 577. Caic. for 
[ 197Au([9]aneS3)2BF4J: M = 645; [ 197Au([9]aneS3)2] : M+ 577, with 
correct isotopic distributions. UV/Vis spectrum (MeCN) : A. = 402 nm 
(emax = 8100 Mcm 1 ), 234 (14700). 
2.4.4 Synthesis of [Au(PPh3)([91aneS3)1(PF6) 
[Au(PPh3)C1] (55 mg, 0.11 mmol) with [9IaneS3  (20 mg. 0.11 mmol) were 
refluxed for 3 hrs. in MeCN: MeNO2 (3 cm 3: 5 cm3) mixture: on the addition 
of NH4PF6 a white precipitate was formed, and filtered off. The resultant 
colourless solution afforded a white precipitate on the addition of Et20. The 
white product was recrystallised from MeNO2 and Et20. (Yield 50 mg,58%). 
M.Wt. = 784.28. Elemental analyses: found C = 36.4, H = 3.48% Calc for 
C24H27S3Au1P2F6: C = 36.8, H = 3.47%. I.r. spectrum (KBr disc): 3140, 
3040, 2980, 2960w, 1960w 1905w, 1890w, 1770w, 1665w, 1580w, 1550w, 1480, 
1435, 1400, 1330, 1300, 1280, 1250, 1180, 1160w, 1100, 1025, 1000, 990w, 925, 
875, 855, 840, 810, 750, 710, 690, 560, 535, 500, 440 and 430 cm-1 . F.a.b. mass 
spectrum (3-NOBA matrix) found M = 638, 459. 	Caic. for 
[197Au(PPh3)([9]aneS3)]: M 	638; [ 197Au(PPh3)]: M = 459, with 
correct isotropic distributions. 1 H n.m.r. (CD3NO2, 298K, 200. 13MHz) : 6= 
2.87 - 3.18, 7.55 - 7.65 ppm. 13C n.m.r. (CD3NO2, 298K, 50.32 MHz): 6= 





The work discussed in this Chapter extends directly from the chemistry 
examined in Chapter 2. The ligand [9]aneS3 can stabilise a gold centre in the 
+1, +2 and +3 oxidation states. However, the [Au([9]aneS3)21 species is 
inclined to decompose, probably via the loss of the monodentate ligand. 
Pursuit of a more stable Au(I) complex, still with the potential to stabilise the 
higher oxidation states (+2,+3) led us to the use of the hexadentate thioether 
macrocycle [18IaneS6. Encapsulation of the gold centre within one ring 
eliminates the route to decomposition via the loss of a terminally bound 
ligand. 
3.2 RESULTS AND DISCUSSION 
3.2.1 Synthesis and characterisation of EAu([18]aneS6)](PF6) 
The reaction of [18]aneS6 with one molar equivalent of [Au(tht)21(PF6)  in 
stirring, degassed MeCN affords a white precipitate on addition of Et20. 
The isolated white micro-crystalline solid shows a f.a.b. mass spectral peak at 
M = 557 assigned to [197Au([18]aneS6)1. On the basis of this evidence 
together with microanalyses and i.r. spectroscopic data, the product was 
assigned as [Au([18]aneS6)](PF6). Full experimental details are given in 
Section 3.4.1. The 1 H n.m.r. spectra of [Au([18]aneS6)](PF6)  in CD3CN, at 
298 and 223 K both show a broad resonance at 8 = 2.91-3.01 p.p.m., assigned 
to the macrocyclic protons. The 13C n.m.r. spectrum at 223 K shows a single 
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resonance at 8 = 30.09 p.p.m. The n.m.r. studies indicate that the macrocycle 
is involved in an intra-molecular averaging process in solution. 
In order to establish the co-ordination at the Au(I) centre and the 
conformation of the ligand, a single crystal X-ray structure determination 
was carried out. 
3.2.2 Structure determination of [Au([18]aneS6)](PF6) 
A single crystal X-ray structure determination on [Au([18]aneS6)](PF6) 
shows the Au(I) centre co-ordinated to two S-donors at Au - S(1) = 2.321 (3), 
Au - S(10) = 2.320(4)A (Figure 3.1). The co-ordination of the Au(I) centre is 
distorted from a linear conformation, the angle at S(1) - Au - S(10) = 
155.93(12)°. Additional longer interactions to another two S-donors, 
Au...S(4) = 2.870(4), Au.. .S(7) = 2.856(4)A create a distorted tetrahedral co-
ordination geometry around the metal centre. Full details of the solution and 
refinement of the structure are given in Section 3.4.2. Selected bonds, angles 
and torsions are given in Table 3.1. There are two apparent conformations in 
a section of the unco-ordinated macrocycle from C(12) to C(14), involving the 
'up' and 'down' orientation of the S(13) donor. This is most clearly seen in 
the two orthogonal views of the cation (Figure 3.2(a) and (b)). 
1i] 
Figure 3.1: 	Single X-ray crystal structure of EAu([18]aneS6)1 ('up'conformation) 
Figure 3.2: 	Orthogonal views of EAu([18]aneS6)] 
(a) 'up' conformation, (b) 'down' conformation 
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Table 3.11: 	Selected bonds, angles and torsions for [Au([18]aneS6)1 
Au 	- S(1) 	2.321( 	3) C(S) 	- C(6) 1.533(22) 
Au 	- S(4) 2.870( 	4) C(6) 	- S(7) 1.802(16) 
Au 	- 5(7) 	2.856( 	4) S(7) 	- C(8) 1.808(15) 
Au 	-S(10) 2.320( 	4) C(8) 	- C(9) 1.497(22) 
S(i) 	- C(2) 	1.815(14) C(9) 	-S(10) 1.816(17) 
S(l) 	-C(18) 1.812(14) S(10) 	-C(li) 1.824(19) 
- C(3) 	1.515(20) C(15) 	-S(16) 1.783(21) 
- S(4) 1.798(16) S(16) 	-C(17) 1.815(17) 
S(4) 	- C(S) 	1.801(16) C(17) 	-C(18) 1.487(21) 
5(1) - 	Au 	- S(4) 	83.40(11) S(7) - C(8) - C(9) 116.3(11) 
S(1) - 	Au 	- 5(7) 	113.75(11) C(8) - C(9) -S(10) 116.8(11) 
S(1) - 	Au 	-S(10) 	155.93(12) Au -S(10) - C(9) 103.7( 	5) 
S(4) 	- 	Au 	- S(7) 75.94(11) Au -S(10) -C(11) 106.2( 	6) 
S(4) - 	Au 	-S(10) 	117.88(12) C(9) -S(10) -C(11) 100.4( 	8) 
S(7) - 	Au 	-S(10) 84.06(12) S(10) -C(11) -C(12) 129.8(15) 
Au 	- S(1) 	- C(2) 	105.0( 	4) C(ll) -C(12) -S(13) 107.0(16) 
Au 	- S(1) 	-C(18) 	109.6( 	4) C(12) -S(13) -C(14) 109.6(12) 
C(2) 	- S(1) 	-C(18) 	103.5( 	6) S(13) -C(14) -C(15) 118.0(17) 
S(1) 	- C(2) 	- C(3) 	116.2(10) C(14) -C(15) -S(16) 104.8(15) 
C(2) 	- C(3) 	- S(4) 	116.3(10) S(10) -C(il) -C(12) 103.2(13) 
Au 	- S(4) 	- C(3) 95.8( 	5) C(XX) -C(12')-S(13') 121.5(14) 
Au 	- S(4) 	- C(5) 	100.0( 	5) C(12')-S(13')C(14') 105.0(14) 
C(3) 	- S(4) 	- C(5) 	102.6( 	7) S(13)-C(14')C(15) 103.1(21) 
S(4) 	- C(S) 	- C(6) 	110.9(11) C(14')-C(15) -5(16) 127.6(19) 
C(S) 	- C(6) 	- S(7) 	109.6(11) C(15) -S(16) -C(17) 98.8( 	9) 
Au 	- S(7) 	- C(6) 99.8( 	5) S(16) -C(17) -C(18) 112.1(11) 
Au 	- S(7) 	- C(8) 	95.2( 	5) S(1) -C(18) -C(17) 111.1(10) 
C(6) 	- S(7) 	- C(8) 	101.9( 	7) 
C(18) 	- S(1) - C(2) 	- C(3) 	64.4(11) C(11) -C(12) -S(13) -C(14) 	-89.7(18) 
C(2) - S(1) -C(18) 	-C(17) 	-164.4(10) C(12) -S(13) -C(14) -C(15) 	-173.1(17) 
5(1) 	- C(2) 	- C(3) 	- S(4) 57.1(13) S(13) -C(14) -C(15) -S(16) 	-63.5(19) 
C(2) 	- C(3) 	- S(4) 	- C(5) 	72.1(12) C(14) -C(15) -5(16) -C(17) 	
-80.4(15) 
C(3) 	- S(4) 	- C(S) 	- C(6) 	-150.3(11) C(9) -S(10) -C(11) -C(12')-166.9(12) 
S(4) 	- C(S) - C(6) 	- S(7) 79.7(12) 5(10) -C(11) -C(12')-S(13') 
-55.6(17) 
-C(6) 	-S(7) 	-C(8) 	-153.2(11) C(11) -C(12')-S(13')-C(14')17 2 . 8 ( 18 ) 
- S(7) 	-C(8) 	-C(9) 72.1(12) C(12')-S(13')-C(14')C(15) 
-101.3(20) 
S(7) 	- C(8) 	- C(9) 	-S(10) 	57.8(15) S(13')-C(14')C(15) -S(16) 	
80.5(25) 
C(8) 	- C(9) 	-S(10) 	-C(11) 58.2(13) C(14')-C(15) -S(16) -C(17) 	
-124.8(23) 
C(9) 	-S(10) 	-C(11) 	-C(12) 	154.0(19) C(15) -S(16) -C(17) -C(18) 	
171.4(12) 
S(10) 	-C(11) 	-C(12) 	-S(13) 72.5(22) 5(16) -C(17) -C(18) - S(1) 	-56.2(13) 
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The [2+2] co-ordination environment at the Au(I) centre is similar to that 
observed for the Au(I) ion in the analogous [Au([9]aneS3)2] 2  cation, which 
also exhibits this unusual distorted tetrahedral geometry, with comparable 
bond lengths and angles (Section 2.2.1). The structure of [Au(18)aneS6)] 
however, differs markedly from that of its Ag(I) congener. In 
[Ag([18]aneS6)] the Ag(I) ion is bound to all six S-donors in a tetragonally 
compressed stereochemistry, Ag - S = 2.665(12), 2.7813(10)A (Figure 3•3)•120 
The [2+4] co-ordination reflects the tendency of d 10 Ag(I) to increase its 
co-ordination number with soft donor ligands. 221 Evidently d1° AuU) does 
not wish to do this to the same degree. Interestingly, [Au([18]aneS6)1  is 
similar to its Cu(I) congener. 




In [Cu([18]aneS6)] the Cu(I) ion adopts a distorted tetrahedral geometry 
with Cu - S(1) = 2.253(2), Cu - S(10) = 2.245(2), Cu - S(4) = 2.3620(2), 
Cu - S(7) = 2.358(2)A, with the S(1)-Cu-S(10) angle being 138.4(1)° 
(Figure 34)•117  In both the Cu(I) and Au(I) structures the metal centre is 
bound in a [2+2] co-ordination geometry. However, the preference of Au(I) 
for linear co-ordination distorts the tetrahedral geometry even further than 
in the Cu(I) cation. This is exemplified by the increase of the S(1) - M - S(10) 
from 138.4(1)° at Cu(I), to 155.93(12) ° at Au(I). 
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3.2.3 197Au Mössbauer spectroscopic data for [Au([18]aneS6)](PF6) 
The 197Au Mössbauer spectrum for [Au([18]aneS6)](PF6)  shows a doublet 
with I.S. = 1.06(4) mmc 1 and Q.S. = 5.33(8) mms (Figure 3.5). These results 
imply four co-ordination at the Au(I) centre- 224  These results are consistent 
with the known structure determined by X-ray crystallography (Section 
3.2.2). 
Figure 3.5: 	197Au Mössbauer spectrum for EAu([18]aneS6)1(PF6) 
Spectrum: C634 	 Isotope: u-197 
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3.2.4 Electrochemical and e.p.r. studies of [Au([18]aneS6)](PF6) 
Cyclic voltammetry of [Au([18]aneS6)](PF6)  at platinum electrodes in MeCN 
(0.IM '1Bu4NPF6) shows two quasi-reversible oxidations at E 1 = +0.36V 
(AE = 150 mV) and E 1 = +0.56V (AE = 60mV) (Figure 3.6) and an 
irreversible reduction at Epc = -0.56V vs Fc/Fc at a scan rate of 100mVs. 
Coulometric measurements confirmed each process to be a one-electron 
transfer step. 
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Figure 3.6: 	Cyclic voltammogram of [Au([18laneS6)I(I'F6 ) 
Current 
-1 
—0.05 	 Potential (vs Fc/Fc) 1.05 V 
Electrogeneration of the first oxidation product at +0.45V vs Fc/Fc affords a 
brown, e.p.r. active species. The frozen glass e.p.r. spectrum of the first 
oxidation product shows a strong anisotropic rhombic signal with g1 = 
unresolved, 92 = 2.030 (A2 = 623G), 93 = 2.015 (A3 = 623G) (Figure 3.7). The 
signal is consistent with a distorted octahedral d 9 centre and is very similar 
to the signal obtained from [Au([9]aneS3)2] 2  (Figure 2.8). Further spectral 
analysis is discussed in Section 3.2.9. The e.p.r. spectrum confirms that the 
first oxidation is largely metal-based producing a Au(11) species. Further 
oxidation of the Au(II) species at +0.65V produces an olive green, e.p.r. silent 
species, consistent with the second oxidation being metal-based, affording a 
Au(Ill) species. The irreversible reduction is assigned as a AuU)/(0) couple. 
[Au([18]aneS6)] is very stable and exhibits facile redox behaviour. 
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Figure 3.7: 	X-band frozen glass e.p.r. spectrum of the first oxidation product of 
[Au([ I 8]aneS6)1(PF6) 
Centre field 3300 G 
MeCN frozen glass at 	 Sweep width 1000 G 
3.2.5 Spectroelectrochemical study of [Au([18]aneS6)1 (PF6) 
The electrogeneration of the oxidation products of [Au([18]aneS6)](PF6)  can 
be monitored by UV/Vis spectroscopy. The UV/Vis spectrum of 
[Au([18]aneS6)] in MeCN, at 253K is featureless. On the oxidation of Au(I) 
at +0.46V (vs Fc/Fci a clear conversion to Au(H)(X max = 401 nm 
(emax = 7305 Mcm 1 )) is observed (Figure 3.8). This oxidation occurs with 
isosbestic points at l- so = 263, 244, 205 rim, indicating the absence of any 
intermediate species. The Au(II) species can be further oxidised to a Au(llI) 
product, 'max = 341 nm (emax = 16740 M 1 cm 1 ), 233 (13040), by increasing 
the applied potential to +0.78V (A.0 = 524,376,207 nm) (Figure 3.9). Both of 
these oxidations are fully chemically reversible on this extended timescale. 
Figure 3.8: 	Spectroelectrochemical study of [Au([18]aneS6)](PF6) 
(oxidation of [Au([ 18]aneS6)J to [Au([18]aneS6)] 2 ) 
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Figure 3.9: 	Spectroelectrochemical study of EAu([18]aneS6)](PF6) 
(oxidation of [Au([1 8]aneS6)J 2 to [Au(E18]aneS6)1 3 ) 














3.2.6 Kinetic study - Determination of the heterogeneous electron-transfer 
rate constant, k,  for the [Au([18]aneS 6)1 2 couple 
(i) Introduction 
For a given redox couple, the heterogeneous electron-transfer rate constant, 
k, describes the rate of the electron-transfer step for a simple electrode 
process, such as in (1) 
k 	 N 
O+ne 	
S 
R 	 (1)J 
The degree of departure from the equilibrium situation observed in any 
electrochemical measurement of the redox couple depends on the time-scale 
of the measuring experiment. If the time-scale of the electron-transfer is very 
much shorter than the time-scale of the measuring technique, then the 
electrochemical equilibrium is maintained at the electrode surface. Such a 
process is regarded as being electrochemically reversible. If, however, the 
time-scale of the electron-transfer is greater than the time-scale of the 
measuring technique, then the redox process will exhibit significant kinetic 
behaviour, even if the redox process is chemically reversible. Such a process 
is regarded as being quasi-reversible. 
Using cyclic voltammetry the kinetic behaviour of a quasi-reversible process 
can be studied applying the method reported by Nicholson. 222 The peak 
potential separation is measured as a function of scan rate, and the 
hetereogeneous electron-transfer rate constant, ks  can be calculated using 
equation (2): 
[;i 
ks = N' (i a Do) '1' 2 	(2) 
where 	a = nFv /RT 
n = number of electrons 
F = Faraday constant (96487 Cmol) 
v = scan rate in Vs 
R = Universal gas constant (8.314 CV1C'mol) 
T = temperature in K 
D0 = diffusion coefficient in cm 2s4 
The value of v is obtained from the curve shown in Figure 3.10 and is 
dependent on the scan rate and is measured for a particular AE value. 222 
The diffusion coefficient, D0, is required for the particular system being 
studied. D0  is determined from the Levich equation (3), using a rotating disc 
electrode experiment. 
ii = 0.620 nFAD02"3 1/2 	/6 C0 	(3) 
where 	ii = limiting current 
n = number of electrons 
F = Faraday constant (96487 Cmo1 1 ) 
A = area of electrode in cm 2 
co = angular frequency of rotation in s 1 (2ir x rotation rate) 
= kinematic viscosity in cm2s 1 (absolute viscosity/ density) 
Co  = bulk concentration in molcm 3 
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The value of D0 can be calculated fron a graph in ii vs co Hence, the value 
of k5 for the particular redox process can be determined from a graph of 
f vs V ' (where v = scan rate in Vs -1 ). 
(ii) Kinetic data for the (Au((18]aneS6)1 12  redox process 
Cyclic voltammetric measurements on [Au([18]aneS6)1(PF6)  were carried out 
at platinum electrodes, in MeCN (0.1M 'Bu4NPF6) at 283.0 K. Numerous 
scans were recorded over the potential range of +0.4V to +0.95V (vs 
Ag/AgC1), at various scan rates (v = 10-400mVs 1). These scans showed a 
variation of the peak separation for the Au(I)/Au(II) oxidation couple with 
scan rate. The internal resistance of the experimental set up must be 
compensated for, in order to obtain truly kinetically controlled variations in 
the peak separation. Therefore, a series of cyclic voltammetric 
measurements on [Fe(Cp)2] were carried out using the identical solvent, 
temperature and electrode system. From these scans the required internal 
resistance compensation was evaluated, and then imposed upon the data 
recorded for the [Au([18]aneS6)1' 2  couple. Using the method outlined in 
part (i) the value of k 5 for the [Au([18]aneS6)1 '2  process was determined. 
Using the experimental (i.r. compensated) AE values, the values of-'j'were 
obtained from the graph of log10 xV vs LEp shown in Figure 3.10. 
The diffusion coefficient, D 0, for [Au([18]aneS6)](PF6) was calculated from 
the Levich equation (3) using the rotating disc electrode on the same solvent 
system. Plotting i vs co2  (Figure 3.11a) for the first oxidation process gave a 
straight line with a slope of (4.35 ± 0.10) x io corresponding to:- 
71 
ii = 0.62 nFAD02"3 -1/6  c0 
1 
(I) /2  
where 	n =1 
F = 96487 Cmo1 1 
A = 0.385 
= 4.4x10 3 cm2s 
Co  1.85x10 6 molcm 3 
Therefore, the diffusion coefficient for [Au([18]aneS6)1 2  was calculated. 
Do = (8.4 ± 0.3) x 10 cm 2s4 
The graph of v 12  vs 'U1f gave a straight line plot with a slope of 1.972 ± 0.033 
(Figure 3.11b). The gradient equals:- 
v 2 =1tnFD° _1 1 /2 .k5 
Nf 
- 	 1RT 	J. 
where 	n=1 
F = 96487 Cmo1 1 
R = 8.314 CV K 1 mo14 
T = 283.0 K 
D0 = (8.4 ± 0.3) x i- 	2-1 
=> 	ks = (26.8 ± 1.0) x10 3 cir,s 
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The fact that ks,  the heterogeneous electron-transfer rate constant, is 
measurable on the cyclic voltammetric time-scale indicates that the kinetic 
behaviour of the first oxidation process, the [Au([18]aneS6)] 12  couple, is 
significant. This is consistent with the occurrence of a gross stereochemical 
change which influences the rate of electron transfer. 223 A large 
stereochemical rearrangement of [18]aneS6  is likely on the oxidation of Au(I) 
to Au(II), so that the structural and electronic preferences of both the d 1 ° and 
d9 ions can be satisfied. 
The value of k5  for the second oxidation was not quantified due to the close 
proximity of the two oxidation potentials. 
The kinetic behaviour observed for the first oxidation process, is consistent 
with the distorted tetrahedral Au(I) ion being oxidised to the expected 
distorted octahedral Au(II) (Figure 3.12). [181aneS6 is sufficiently flexible to 
exist 'in these co-ordination modes. In [Au([18]aneS6)1 and 
[Cu([18]aneS6)] 2  distorted tetrahedral and tetragonally elongated 
octahedral34 geometries are contained within [18]aneS6. In order to confirm 
the co-ordination of the Au(II) ion, the [Au([18]aneS6)1 2  species was 
synthesised. 
Figure 3.12: 	Proposed structure of EAu([18]aneS6)1 2 
r S,--~ 12* 
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3.2.7 Synthesis and characterisation of [Au([18]aneS6)](PF6)2 
The reaction of [18]aneS6 with one molar equivalent of HAuC14 in MeNO2 
gave a red solution. Addition of NH4PF6 produced a brown mixture 
containing a white precipitate of NH4C1. The filtered brown solution 
afforded an orange-brown precipitate on addition of Et20. The 
orange-brown solid was isolated and stored at -20°C. The f.a.b. mass 
spectrum of the complex shows peaks at M+ = 702, 577 corresponding to 
[1 97Au([1 8] aneS6)PF6I + and [ 197Au([1 8] aneS&1 + respectively. I.r. spectral 
and micro-analytical data were consistent with the formulation 
[Au([18]aneS6)](PF6)2. Full experimental details are given in Section 3.4.3. 
The complex dissolves in MeCN to give a golden brown solution; the 
electronic spectrum shows a band at Xmax = 401 nm (e max = 7300 Mcnf1 ) 
similar to the spectrum obtained for the first oxidation product of 
[Au([18]aneS6)] +. 
Numerous attempts to grow single crystals suitable for an X-ray 
crystallographic structure determination were unsuccessful. Using Et20 
vapour diffusion and hexane layering methods on solutions (e.g. MeCN, 
MeNO2, Me2CO) of the compound, both at ambient and lower temperatures 
lead to decomposition to Au(I) or metallic or colloidal gold. Stabilisation of 
the Au(H) complex in various dilute acids or the HBF4 7Et20 solution lead to 
decomposition or polymeric materials. Therefore, other techniques were 
employed to elucidate the co-ordination of the Au(H) centre within the 
[18]aneS6 ligand framework. 
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3.2.8 197Au Mössbauer spectroscopic data for [Au([18]aneS6)](PF6)2 
The 197Au Mössbauer spectrum for [Au([18]aneS6)](PF6)2  is similar in shape 
to that obtained for [Au([9]aneS3)2](BF4)2. The same model was used to fit 
the data (Figure 3.13). Unfortunately, there was a Au(I) impurity in the 
sample used in the experiment due to degradation of the 
[Au([18]aneS6)](PF6)2 complex. The model fitting gave values of 
I.S. = 0(0.3) mms 1 , Q.S. = +1.0 (0.4)mms and B = 10(5)T. Due to the lack of 
comparable Au(II) Mössbauer data, it was difficult to interpret these values. 
Figure 3.13: 	197Au Mössbauer spectrum for [Au([18]aneS6)1(PF6)2 
U.tooItn., 
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3.2.9 E.p.r. studies of [Au([18]aneS6)] 2 
[Au([18]aneS6)]2  is e.p.r. active and gives spectra similar to those recorded 
for [Au([9]aneS3)2] 2t The solution e.p.r. spectrum of [Au([18]aneS6)] 2 in 
MeNO2 at 293 K shows an isotropic signal with giso = 2.026 with hyperfine 
coupling to 197Au (I = 3/2, 100%) producing a four-line signal with 
Ao = 45.6G (Figure 3.14). 
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Figure 3.14: 	X-band solution e.p.r. spectrum of [Au([18]aneS6)](PF6)2 
MeNO2 solution at 293K Centre field 3450 G 
Sweep width 1000 G 
The X-band frozen glass e.p.r. spectrum of [Au([18]aneS6)] 2  in MeCN, with 
a nBu4NPF6 dilutant, at 77K shows an anisotropic signal (Figure 3.15). The 
spectrum was initially assigned using the second derivative as a simple 
rhombic signal with g1 = 2.033 (Al = 12.OG), 92 = 2.030 (A2 = 62.3G), 
93 = 2.015 (A3 = 62.3G). Attempted simulation, using g and A tensor 
parameters only, did not reproduce the experimental spectrum (Figure 3.16). 
Clearly, as for [Au(9]aneS3)2] 2t the effects of the quadrupole and nuclear 
Zeeman interactions are significant in the [Au([18]aneS6)] 2  species. 
Therefore complete assignment of the anisotropic signal was not possible at 
this stage. 
The resemblance of the [Au([18]aneS6)] 2  spectrum to that obtained for 
[Au([9]aneS3)2] 2  implies similar co-ordination at the Au(H) centres. The 
minimal shift of the g values from ge  indicates covalent character of the Au-S 
bonds as discussed in Section 2.2.6. 
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Figure 3.15: 	X-band frozen glass e.p.r. spectrum of [Au([18]aneS6)](PF6)2 with 
'Bu4NPF6 
Centre field 3300 G 
MeCN frozen glass at 77K 	 Swn width lflflfl C 
Figure 3.16: 	Simulated e.p.r. spectrum for [Au([18]aneS6)](PF6)2 
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3.3 CONCLUSIONS 
The hexadentate thioether macrocycle [18]aneS6 can stabilise 
Au(I)/Au(II)/Au(HI) centres. This ligand binds Au(I) in a distorted 
tetrahedral geometry to form a stable mononuclear product. The stable 
mononuclear Au(II) complex, [Au([18]aneS6)J(PF6)2, was isolated. 
Comparison of the electronic and e.p.r. spectroscopic data imply similar 
co-ordination spheres about the Au(II) centres in [Au([18]aneS6)] 2 and 
[Au([9]aneS3)2] 2t The proposed distorted octahedral geometry of 
[Au([18]aneS6)] 2  is substantiated by the kinetic study, which indicated that 
a gross stereochemical change is occurring on the oxidation of Au(I) to 
Au(II). 
The redox behaviour of [Au([18]aneS6)](PF6) reflects the dexterity of 
[18]aneS6, enabling the successful accommodation of the various structural 
and electronic preferences of the d 8, d9 and d10 metal centres. 
The relative stabilities of [A u([18] aneS6)]n+ differ from those of 
[Au([9] aneS3)2}n+ (n = 1,2,3). In [Au([18]aneS6)],  the encapsulation of 
Au(I) within the macrocycle enhances the protection of the metal centre; 
hence the increased stability of [Au([18]aneS6)1  in comparison to 
[Au([9] aneS3)2] . 
[Au([18]aneS6)1 2  is less stable than its [9]aneS3 analogue; suggesting that 
the co-ordination environment about the Au(H) centre is more strained in 
[Au([18]aneS6)} 2 than in [Au([9]aneS3)2] 2 . 
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The greater stability of [Au([9]aneS3)2]3 	in comparison to 
[Au([18]aneS6)J 3  is reflected in the Au(H)/(III) oxidation potentials for the 
two complexes, E 11= +0.44V, +0.56V respectively. The enhanced stabilisation 
of Au(III) by [9]aneS3 may be due to a greater interaction of the ligating S-
donors in a less strained geometry than is available in [18]aneS6. 
3.4 EXPERIMENTAL SECTION 
3.4.1 Synthesis of [Au([18]aneS6)](PF6) 
Reaction of [18]aneS6 (40 mg, 0.111 mmol) with [Au(tht)2](PF6) (57.5 mg, 
0.111 mmol) in stirring MeCN (7 cm3)'for 2hrs., in the dark gives a colourless 
solution. Filtration into ice-cold Et20 (40 cm3) afforded a white precipitate 
on cooling to -20°C. The product was filtered and washed with Et20 and 
CH2C12 yielding a crystalline white solid. Dried in vacuo, stored at -20 1C. 
(Yield 63 mg, 81%). M.Wt. = 702.64. Elemental analyses: found C = 20.5, 
H = 3.37, S = 27.9%. Calc. for C12H24S6Au1P1F6: C = 20.5, H = 3.44, S 
= 27.4%. I.r. spectrum (KBr disc): 2950, 2910, 2850, 1430, 1415, 1300, 1290, 
1260, 1200, 1190, 1180, 1150, 1120, 1020w, 930, 920, 880, 840, 740w, 690w, 
630w and 560 cm-1 . F.a.b. mass spectrum (3-NOBA matrix) : found 
MI = 557. Caic. for [ 197Au([18]aneS6)I: M1 = 557, with correct isotopic 
distribution. 1H n.m.r. (CD3CN, 298K, 80.13 MHz): 8 = 2.91-3.01 ppm.; 
(CD3CN, 223K, 200.13 MHz): ö = 2.91-3.01 ppm.. 13C n.m.r. (CD3CN, 223K, 
50.32MHz): 8 = 30.094 p.p.m.. 
3.4.2 Single crystal structure determination of EAu([18]aneS6)](PF6) 
A colourless plate (0.50 x 0.30 x 0.05 mm) suitable for X-ray analysis was 
obtained by vapour diffusion of Et20 into a solution of the complex in 
MeCN. 
Crystal data: 
[C12H24S6Au] (PF6) -, M.Wt. = 702.56, triclinic, space group P1, a = 
9.7537(15), b = 11.0127(17), c = 11.2005(21)A, a = 79.235(9), 3 = 75.344(8), ' = 
75.582(9) °, U = 1117.4 A3 [from 28 values of 36 reflections measured at ± CO 
(26<28 <30°, 7. = 0.71073A)] Z = 2, Dc = 2.088 gcm 3, T = 298 K, 
= 7.226 mm-1 , F (000) = 680. 
Data collection and processing: 
Stoë 	STADI-4 four circle diffractometer, graphite-monochromated 
Mo-Ka X-radiation, T = 298 K, 0) - 20 scans with 0 scan width (0.80 + 0.347 
tan 0)0,  2845 data measured (28 max 45 0, h - 910, k 41+11, 1 0+12, 
giving 2536 with F > 6 (0) for use in all calculations. Initial absorption 
corrections were made using ii,  scans (maximum transmission factor = 
0.2490,. minimum = 0.0722). 
Structure solution and refinement: 
A Patterson synthesis located the Au atom and iterative cycles of 
least-squares refinement and difference Fourier synthesis located the 
remaining non-hydrogen atoms. At isotropic convergence, corrections (mm 
0.582, max 1.496) for absorption were applied using DIFABS. 308 Disorder in 
a part of the unco-ordinated section of the macrocycle was modelled by half 
occupancy of two conformations, with the C-C bond lengths fixed. 
Refinement (by least-squares on F309) with anisotropic thermal parameters 
for all ordered non-hydrogen atoms and with hydrogen atoms in fixed, 
calculated positions converged at R, Rw  = 0.0547, 0.0697 respectively, 
S = 0.991 for 243 refined parameters, and the final AF synthesis showed no 
feature above I .39ek 3. The weighting scheme, w 1 = cy20 + 0.000229F2, 
gave satisfactory agreement analyses and in the final cycle (A/a) max was 
0.026. 
Atomic scattering factors were inlaid 310 except for gold,311 molecular 
geometry calulations utilised CALC 312 and figures were produced by 
ORTEPII.313 
3.4.3 Synthesis of [Au([18]aneS6)](PF6)2 
To a stirring degassed solution of [18]aneS6 (80 mg, 0.222 mmol) in MeNO2 
(7 cm3), a MeNO2 solution of HAuC14 (75.5 mg, 0.222 mmol) was added. 
Resultant red solution turned brown on the addition of excess of NH4PF6. 
Schienk filtration of the mixture produced a clear brown filtrate, which 
afforded an orange-brown precipitate on the addition of degassed Et20 
(30 cm3). Schienk filtration gave the desired product, which was stored at 
-20°C. (Yield 98 mg, 52%). M.Wt. = 847.61. Elemental analyses: found C = 
17.2, H = 2.90, N = 0.2%. Caic. for C12H24S6Au1P2F12: C = 17.0, H = 2.83% 
I.r. spectrum (KBr disc): 2980, 2915, 1550, 1425, 1400, 1375, 1290, 1260, 1205, 
1140, 1110w, 1030, 935, 840 820, 740w, 690w, 660, 560 and 485 cm-1 . F.a.b. 
mass spectrum (3-NOBA matrix) : found M = 702, 577. Caic. for 
[197Au([18]aneS6)]: M = 577. UV/Vis spectrum (MeCN) : X = 403.2 nm 






Stabilisation of gold centres in the +1, +2, and +3 oxidation states can be 
achieved when sufficient S-donors are available to satisfy the electronic and 
stereochemical demands of the d 10, d9 and d8 ions. (Chapters 2 and 3) In 
general, if a ligand donor set cannot fulfil the precise stereochemical 
preferences of a metal centre, the resultant complex may exhibit a strained 
stereochemistry and / or unusual redox behaviour. 14 (see Section 1.1.(d)) 
The aim of the work discussed in this Chapter was to synthesise gold 
complexes of [15]aneS5, with a view to examining how the binding of a 
macrocycle with fewer S-donors and a smaller cavity affects the 
co-ordination at the gold centre. The redox behaviour was studied to 
establish if [15}aneS5 could stabilise Au(II) and Au(III) centres. 
4.2 RESULTS AND DISCUSSION 
4.2.1 Synthesis and characterisation of [Au([15]aneS5)](X) 
tX = PF6, (B(C6F5)4)) 
Reaction of [Au(tht)2](PF6) with one molar equivalent of [15]aneS5 in 
stirring, degassed CH2C12 affords a colourless solution. Filtration into Et20 
yields a white precipitate. The isolated solid was recrystallised from MeCN 
and Et20. The product gave a f.a.b. mass spectral peak at M' = 497, 
corresponding to [ 197Au([15]aneS5)]t On the basis of this evidence 
together with i.r. spectroscopic and microanalytical data the product was 
assigned as [Au([15]aneS5)](PF6). Full experimental details are given in 
Section 4.4.1. 
The [BPh4] salt could not be isolated due to the reductive nature of [BPh4], 
(Cyclic voltammetry of NaBPh4 shows an accessible irreversible oxidation at 
Epc = +0.54V vs Fc/Fc) this causes the reduction of Au(I) to colloidal gold. 
However, the related [B(C6F5)41 anion shows no accessible oxidation. 
[Au([15]aneS5)](PF6) was redissolved in CH2C12, and Li(B(C6F5)4)  added. 
The solution was stirred for 15 mins. and filtration into hexane produced a 
dense white suspension. The white product was isolated after centrifugation 
and any excess Li(B(C6F&4)  removed by washing with H20. The product 
shows f.a.b. mass spectral peaks at M+  693, 497 corresponding to 
H)] + and [1 97Au([ 151 aneS& [1 97Au2([1 5] aneS5- 	 )]+ respectively. On this 
basis, together with i.r. spectroscopic and microanalytical data the empirical 
formula of the product was assigned as [Au([15]aneS5)](B(C6F5)4). Full 
experimental details are given in Section 4.4.3. 
Initially it was believed that the mononuclear [Au([15]aneS5)1  cation would 
have a [2+2] distorted tetrahedral geometry at Au(I), similar to the 
co-ordination at Au(I) in [Au([18]aneS6)1  (Section 3.2.2). However due to 
the smaller ring size of [15]aneS5 compared to [18]aneS6 the distortion at 
Au(I) in [Au([15]aneS5)1 was expected to be greater than in the [18]aneS6 
analogue. To establish the stereochemistry and ascertain the extent of the 
distortion at Au(I), an X-ray structure determination was required. Repeated 
attempts to grow single crystals of [Au([15]aneS5)](PF6), using vapour 
diffusion methods, generally produced colloidal gold and a green solution. 
Interestingly, it appeared the disproportionation of Au(I) was occurring. 
Eventually, single crystals of the [B(C6F5)4] salt were obtained by hexane 
layering on to a CH2C12 solution of the complex. 
4.2.2 Structure determination of [Au([15]aneS5)](B(C6F5)4) 
A single crystal X-ray determination on [Au([15]aneS5)](B(C6F5)4)  was 
carried out. Full details of the solution and refinement of the structure are 
given in Section 4.4.4. The crystal structure shows the complex is actually a 
dimeric species in the solid-state. The two monomeric units are related by a 
crystallographic inversion centre. Each Au(I) centre is bound to both 
[15]aneS5 ligands through one S-donor, Au - 5(1) = 2.3001(13), Au - S(10') = 
2.2927(13)A but the Au(I) is encapsulated by neither ring. In fact the ligands 
are sandwiching the metal ions in a facial manner. Free [151aneS5 adopts an 
exo conformation in the solid-state. 78 Despite co-ordinating the Au(I) centre 
in an exocyclic manner, the bound [15IaneS5 adopts an endo conformation 
with the S-donors orientated towards the centre of the dication (Figure 4.1). 
The two nearest S-donors (excluding those involved in the primary 
co-ordination) to the Au(I) centre are S(4) and S(13) at 3.2088(14) and 
3.1055(13)A respectively. Selected bonds, angles and torsions are given in 
Table 4.1. The Au ... Au separation is 5.694(8)A suggesting that the metal 
centres are non-interacting. The major angle at the metal centre, 
S(1) - Au - S(10'), is 169.90(5)A, indicating that these additional S-donors are 
interacting weakly, causing the deviation from linearity at Au(I). By 
considering these additional S-donors as being involved in long-range Au ... S 
interactions, [2+2] distorted tetrahedral co-ordination at the Au(1) centre is 
completed. However, it is apparent that their contribution to the 
co-ordination sphere about the Au(I) is significantly reduced in comparison 
Figure 4.1: 	Single crystal X-ray structure of [Au([15]aneS5)](B(C6F5)4) 
Table 4.1: 	Selected bonds, angles and torsions for [Au([15]aneS5)](B(C6F5)4) 
Au - S(1) 2.3001(13) C(6) - S(7) 1.809( 6) 
Au - S(4) 3.2088(14) 6(7) - C(8) 1.818( 5) 
Au -S(13) 3.1055(13) C(8) - C(9) 1.524( 7) 
Au -S(10') 2.2927(13) C(9) -S(10) 1.824( 5) 
S(1) - C(2) 1.822( 	5) S(10) -C(11) 1.824( 5) 
S(1) -C(15) 1.812( 	5) C(11) -C(12) 1.523( 7) 
C(2) - C(3) 1.520( 	7) C(12) -6(13) 1.822( 5) 
C(3) - S(4) 1.814( 	5) S(13)  1.808( 5) 
S(4) - C(5) 1.818( 	6) C(14)  1.531( 7)A 
C(S) - C(6) 1.520( 	8) 
S(1) - Au - S(4) 78.66( 	4) C(S) - C(6) - S(7) 110.1( 	4) 
S(1) - Au -S(13) 81.67( 	4) Au - S(7) - C(6) 73.62(18) 
S(1) - Au -S(10 1 ) 169.90( 	5) Au - S(7) - C(8) 122.55(18) 
5(4) - Au -S(13) 122.46( 	4) C(6) - S(7) - C(8) 99.8( 	3) 
S(4) - Au -S(10 0 ) 111.04( 	4) 6(7) - C(8) - C(9) 114.2( 	4) 
S(10) - Au -6(13) 53.24( 	3) C(8) - C(9) -S(10) 109.3( 	3) 
6(13) - Au -S(10 1 ) 94.79( 	4) Au -S(10) - C(9) 113.29(16) 
Au - 6(1) - C(2) 106.20(17) Au -S(10) -C(11) 102.98(16) 
Au - S(1) -C(15) 107.41(18) C(9) -S(10) -C(11) 99.88(23) 
C(2) - S(1) -C(15) 101.47(24) 6(10) -C(11) -C(12) 109.8( 	3) 
S(1) - C(2) - C(3) 109.2( 	4) C(11) -C(12) -S(13) 111.1( 	3) 
C(2) - C(3) - S(4) 115.5( 	4) Au -6(13) -C(12) 125.42(17) 
Au - 6(4) - C(3) 88.03(18) Au -S(13) -C(14) 89.73(17) 
Au - 5(4) - C(S) 111.06(20) C(12) -6(13) -C(14) 98.85(23) 
C(3) - 6(4) - C(S) 100.4( 	3) S(13) -C(14) -C(15) 112.1( 	3) 
S(4) - C(5) - C(6) 113.5( 	4) S(1) -C(15) -C(14) 117.4( 	4 
C(15) - S(1) - C(2) - C(3) -178.5( 4) S(7) - C(8) - C(9) -6(10) -56.2( 4) 
C(2) - S(1) -C(15) -C(14) 64.2( 4) C(8) - C(9) -S(10) -C(11) 176.5( 4) 
S(1) - C(2) - C(3) - S(4) 75.8( 4) C(9) -6(10) -C(11) -C(12) -80.8( 4) 
C(2) - C(3) - S(4) - C(5) 71.5( 4) S(10) -C(11) -C(12) -S(13) -66.2( 4) 
C(3) - S(4) - C(5) - C(6) -108.9( 4) C(11) -C(12) -S(13) -C(14) 168.6( 3) 
S(4) - C(S) - C(6) - 6(7) -66.6( 5) C(12) -S(13) -C(14) -C(15) -171.1( 4) 
C(5) - C(6) - S(7) - C(S) -153.6( 4) S(13) -C(14) -C(15) - 6(1) 70.5( 4)° 
C(6) - S(7) - C(8) - C(9) -57.1( 4) 
Table 4.2: 	Comparison of 12+21 co-ordination at Au(I) for selected thioether macrocyclic structures. 
OD 
CO 	 [Au ([9]aneS3)2] 
[Au([18]aneS6)] 
[Au([15)aneS5)] (B(C 6F5 ) 4 ) 
(Au([15]aneS5))(PF6) (Major) 
S(1) -Au-S(10) 
153. 98 (23) 
155.93(12) 
169.90 (5) 











to the [2+21 distorted tetrahedral geometries previously seen in 
[Au([9]aneS3)2] and [Au([18]aneS6)1  (see Table 4.2). 
The structure of [Au([ 1 5]aneS5)] is very different from its Cu(I) and Ag(I) 
congeners. In the structure of [Cu(15]aneS5)](BF4)  the Cu(I) centre is 
encapsulated within the ligand framework and has a distorted tetrahedral 
geometry, Cu-S = 2.243(5), 2.245(3), 2.317(5), 2.338(5)A; the fifth S-donor is 
non-bonding and is disordered over two sites, Cu...S = 3.442(12) and 
3.560(11)A (Figure 4.2). 
Figure 4.2: 	Structure of [Cu([15]aneS5)] 
During the course of this work a series of [Ag([15]aneS1+  structures have 
been determined in Edinburgh for three different counter-anions, 
[B(C6F5)41, 107  [BPh41106 and [PF61.107 The structure of 
[Ag([15]aneS5)](B(C6F5)4) shows that the Ag(I) ion is encapsulated within 
the ligand in a [4+1] co-ordination, Ag-S = 2.4712(19), 2.5261 (19), 2.7262(20), 
2.6847(21); Ag...S = 2.8813(19)A (Figure 4.3a). 107 [Ag([15]aneS5)1 (BPh4), 
however, is dimeric in the solid-state. The two Ag(I) centres take [4+1] and 
[3+1] co-ordination, with asymmetrically bridging S-donors from both 
[15]aneS5 ligands,106 (Ag-S = 2.486(3) to 2.623(5)A, Ag...S = 2.907(3), 
3.131(3)A) (Figure 4.3b). 106 The structure of [Ag([15]aneS](PF is 
(a) 
(c) 
different again. The cations form a linear-chain polymeric structure, with the 
Ag(I) ions in severly distorted octahedral geometries; the metal centres are 
bound through a [3+2] thioether donor set of one [15]aneS5 (Ag - S = 
2.659(5), 2.651(6), 2.564(6)A; Ag ... S = 3.219(5), 3.075(7)A), with an additional 
bond to one S-donor from the next macrocycle creating the infinite chain 
(Ag - S = 2.742(5)A) (Figure 4.30. 107 A second independent chain runs 
anti-parallel to the one shown in Figure 4.3c, similar [4+2] co-ordination at 
Ag(I) is present in this array. 107 
Figure 4.3: 	Structures of [Ag(E151aneS5)] as (a) LB(C6F5)41 (b) [BPh41 (c) [PF61 salts 
These structures illustrate quite clearly the effect different counter-anions can 
have on the cation structure. Presumably this is due to the dominance of 
crystal packing effects over long-range S ... Metal interactions. Does this 
variation of cation structure with counter-anion extend to the 
[Au([15]aneS5)1 species? This question lead to the rejuvenation of 
[Au([15]aneS5)](PF6) crystal growing endeavours. Eventually, hexane 
layering on to a CH2C12 solution of the complex gave small crystals suitable 
for an X-ray structure determination. 
we 
4.2.3 Structure determination of [Au([15]aneS5)](PF6)(CH2C12) 
A single crystal X-ray determination on [Au([15]aneS5)](PF6)(CH2C12)  was 
carried out. Details of the solution and refinement of the structure are given 
in Section 4.4.2. There is substantial disorder in the structure. The Au ion is 
disordered over two sites. The two alternative Au positions were allowed to 
refine with associated occupancies, producing a major component of 76% 
occupancy (Figure 4.4) and a minor component of 24% occupancy. Selected 
bonds, angles and torsions of the major component are given in Table 4.3. 
Both the minor and major components are dimeric in the solid-state. 
In the major component the monomeric units are related by a 
crystallographic inversion centre; the Au centre is bound to both [15]aneS5 
ligands, Au - S(1) = 2.345(7), Au - S(10') = 2.223(5)A, with two additional 
interactions Au ... S(4) = 2.887(6), Au.. .S(13) = 2.992(6)A producing a [2+2] 
distorted tetrahedral geometry at Au(I). The closer approach of S(4) and 
S(13) to the Au(I) centre in the major component of [Au([15]aneSs)1(PF6)  in 
comparison to [Au([15]aneS5)](B(C6F5)4) is reflected in the S(1)-Au-S(10') 
angle of 158.82(22)0  versus 169.90(5)0  (see Table 4.2). The Au ... Au separation 
is 4.749(10)A suggesting that the metal centres are non-interacting. The 
Au-S(10') bond is quite short at 2.223(5)A, this is probably a consequence of 
disorder in the cation. 
In the minor component, the co-ordination at the Au(I) centre appears to be 
[2+1] co-ordinate with Au - S(4) = 1.9522(6), Au - S(10') = 2.460(5), Au ... S(1) = 
2.995(7) A. Disorder makes genuine discussion of the minor component 
structure impossible. 
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Figure 4.4: 	Single crystal X-ray structure of FAu(E15laneS5)J(PF6) 
Table 4.3: 	Selected bonds, angles and torsions for [Au([15]aneS5)J(PF6) 
Au - 	 S(l) 2.345( 	7) C(6) - S(7) 1.787(21) 
Au - 	 S(4) 2.987( 	6) S(7) - C(8) 1.811(23) 
Au -S(13) 2.992( 	6)  - C(9) 1.42( 	3) 
Au -S(10) 2.223( 	5)  -S(10) 1.87( 	3) 
S(1) -C(2) 1.783(24) S(lO)  1.777(23) 
S(1) -C(15) 1.922(23) C(li)  1.40( 	3) 
 - 	 C(3) 1.-0( 	3) C(12) -S(13) 1.86( 	3) 
 - 	 S(4) 1.802(21) 5(13)  1.716(25) 
S(4) - 	 C(S) 1.818(19) C(14)  1.45( 	3)1 
C(5) - 	 C(6) 1.58( 	3) 
S(1) - 	 Au - S(4) 83.64(20) S(4) - C(5) - C(6) 107.9(13) 
S(1) - 	 Au -S(13) 80.49(20) C(S) - C(6) - S(7) 114.3(14) 
S(1) - 	 Au -5(10') 158.82(22) C(6) - S(7) - C(8) 102.3(10) 
S(4) - 	 Au -S(13) 116.03(16) S(7) - C(8) - C(9) 119.1(17) 
S(4) - 	 Au -S(10 1 ) 116.21(18)  - C(9) -S(10) 111.6(17) 
S(13) - 	 Au -S(10') 95.90(18)  -S(10) -C(li) 86.1(11) 
Au - S(1) - C(2) 105.4( 	8) S(10) -C(11) -C(12) 108.5(17) 
Au - 	 S(].) -C(15) 103.4( 	7) C(11) -C(12) -S(13) 123.6(19) 
C(2) - S(1) -C(15) 100.0(10) Au -S(13) -C(12) 124.2( 	8) 
S(1) - C(2) - C(3) 114.8(16) Au -S(13) -C(14) 90.0( 	8) 
C(2) - C(3) - 	 S(4) 114.0(15) C(12) -S(13) -C(14) 98.5(12) 
Au 	- S(4) - C(3) 90.7( 	7) S(13) -C(14) -C(15) 106.7(17) 
Au 	- S(4) - C(5) 112.8( 	6) S(l) -C(15) -C(14) 117.9(17) 0 
C(3) 	- 5(4) - C(S) 98.1( 	9) 
C(15) - S(i) - C(2) - C(3) 150.5(16) S(7) - C(8) - C(9) -S(10) 51.3(22) 
C(2) - 5(1) -C(15) -C(14) -74.5(19) C(8) - C(9) -5(10) -C(11) 177.8(19) 
S(1) - C(2) - C(3) - 	 S(4) -69.4(19) C(9) -S(10) -C(li) -C(12) 177.6(18) 
C(2) - C(3) - S(4) - C(5) -65.2(16) 5(10) -C(11) -C(12) -S(13) -49.5(25) 
C(3) - 5(4) - C(5) - C(6) -142.4(13) C(11) -C(12) -S(13) -C(14) -63.2(23) 
S(4) - C(5) - C(6) - 	 S(7) -55.3(16) C(12) -S(13) -C(14) -C(15) -175.3(17) 
C(5) - C(6) - S(7) - C(8) -95.9(15) S(13) -C(14) -C(15) - S(1) -74.1(19) 
C(6) - S(7) - C(8) - C(9) 61.1(20) 
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Although the final refinement of [Au([15]aneS5)I(PF6)(CH2C12) structure 
gave R, Rw  = 0.0722, 0.0841 respectively, care must be taken in the precise 
interpretation of the structure due to the disorder. The disorder in the 
macrocycles prevented anisotropic refinement of the carbons, this is an 
indication of the limited quality of the crystal. Despite the disorder it is still 
possible to ascertain the general co-ordination at the Au(D centre in the 
major component as discussed. 
In general terms, the co-ordination at Au(I) in the major component of the 
PF6 salt is similar to that observed in the [Au([15]aneS&](B(C6F5)4) 
structure. The [2+2] distorted tetrahedral geometry at Au(I) prevails in both 
structures; although the interactions of S(4) and S(13) are reduced in the 
[B(C6F5)4] salt. 
Unlike the [Ag([15]aneS5)1 structures, the different anions have not 
significantly affected the structures of [Au([15]aneS&1. In 
[Ag([15]aneS5)](B(C6F5)4), the Ag(I) centre is encapsulated within the ring; 
the mean ionic radius of Ag(I) 015 pm) is compatible with the cavity size of 
[15]aneS5. However in [Au([15]aneS5)](B(C6F5)4),  the ligand is bound to 
Au(I) in an endodentate manner. The slightly larger mean ionic radius of 
Au(I) (137 pm) along with its preference for [2+2] distorted tetrahedral 
co-ordination clearly prevents the inclusion of the metal centre within the 
macrocycle. If the Au(I) was co-ordinated within [15]aneS5 in the same [2+2] 
stereochemistry as previously observed for [Au([9]aneS3)2], 
[Au([18]aneS6)], considerable strain would be imposed upon the 
-SCH2CH2SCH2CH2S- linkage expected to span the largest angle at the 
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Figure 4.5: 	Systematic diagram of a strained Au(I) complex of [15]aneS5 
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4.2.4 197Au Mössbauer spectroscopic data for [Au([l51aneS 5)](PF6) 
The 197Au Mössbauer spectrum for [Au([15]aneS5)](PF6) shows a doublet 
with I.S. = 2.38(7) mms 1 and Q.S. = 6.71(14)mms 1 (Figure 4.6). From these 
results the geometry at the Au(I) centre was interpreted as being effectively 
three co-ordinate, since the I.S. value was not high enough for two 
co-ordination in view of Q.S. value obtained. 224 
Figure 4.6: 
	
197Au MOssbauer spectrum for EAu(E15laneS&I(PF6) 
The 197Au Mössbauer spectroscopic data for [Au([9)aneS)21(PF6), 
[Au([18]aneS6)](PF6) and [Au([15]aneS5)](PF6)  are the first recorded Au(I) 
systems with all S-donor ligands and effective co-ordination numbers greater 
than two.220 The paucity of comparable data makes precise interpretation 
difficult. 
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4.2.5 Solution studies 
Various 	attempts 	to 	obtain 	1 H n.m.r.spectra 	showed 	that 
[Au([15]aneS5)](PF6) decomposes in (CD3)2CO 3 CD3CN, CD3NO2 to give 
metallic/ colloidal gold and a green solution in —20-30 mins therefore, n.m.r. 
studies of [Au([15]aneS&J(PF6) were not feasible. 
To ascertain if the dimeric solid-state structure of [Au([15]aneS5)1  was 
retained in solution, a conductivity study of the complex in MeNO2 was 
carried out. Unfortunately the linear relationship between the equivalent 
conductance (Ae)  and the square root of the equivalent concentration (ce)  for 
[Au([15]aneS5)](PF6) did not correspond correctly, for a 1:1, 2:1, 3:1 or 4:1 
electrolyte-225  [Au([15]aneS5)J(PF6) may not be sufficiently stable in 
MeNO2 for the accurate measurement  of molar conductivities. In addition 
to decomposition, complicated solution behaviour (e.g. dimer/monomer 
equilibrium) may explain these anomalous results. 
4.2.6 Electrochemical studies of [Au([15]aneS5)](PF6) 
Cyclic voltammetry of [Au([15]aneS5)](PF6)  at platinum electrodes was 
carried out in a variety of solvents. 
Acetonitrile: Cyclic voltammetry of [Au([15]aneS5)1(PF6) in MeCN (0.1M 
nBU4NpF6) shows two quasi-reversible oxidations at E 1 1 = +0.36V (iE1, = 
12  
85mV) and E1 2 = +0.54V (AE = 60mV) (Figure 4.7) and an irreversible 
12 	 p 
reduction of Epc1 = -0.35V vs Fc/Fc at a scan rate of 1OOmVs 1 . 
W. 
Coulometric measurements confirmed these processes to be one-electron 
transfer steps 
Figure 4.7: 	Cyclic voltammogram of (Au([15]aneS5)J(PF6) 
(MeCN, 293K, O.IM Bu4NPF6 ) 
Curren 
rs.4 
-0.04 	 Potential (vs Fc/Fc) 	 +0.86V 
Electrogeneration of the first oxidation product at +0.57V (vs FcIFc) 
affords a green e.p.r. active species. The frozen glass e.p.r. spectrum of the 
first oxidation product shows a strdng anisotropic signal with g1 = 2.040 
(Al = 66.OG), 92 = 2.022 (A2 = 60.8G), 93 = 2.009 (A3 = 67.OG) (Figure 4.8). 
This signal is consistent with d 9 centre being in an unsymmetrical 
environment. (Further spectral analysis is discussed in Section 4.2.12). 
The e.p.r. spectrum suggests that the first oxidation is largely metal-based 
producing a Au(H) species. Further oxidation of the Au(H) species at +1.20V 
produces a blue e.p.r. silent species, consistent with the second oxidation 
also being metal-based, producing a Au(M) species. The irreversible 
reduction at EPC1 = -0.35V is assigned as a Au(I)/(0) couple. 
Figure 48: 	X-band frozen glass e.p.r. spectrum of first oxidation product of 
[Au([15]aneS5)](PF6) 
MeCN frozen glass at 77K 	 Centre field: 3300G ri 	Sweep width: I000G 
935 GHz 
Nitromethane: Cyclic voltammetry of EAu([15]aneS5)](PF6) in MeNO2 
(O.IM ' 1Bu4NPF6) shows two quasi-reversible oxidations E = +0.39V 
(LE1, = 80mV) and E 2 = +0.66V (E = 60mV), vs Fc/Fc at a scan rate of 
100 mVs 1 . Coulometric measurements confirmed these processes to be 
one-electron steps. Electrogeneration of the first oxidation product at +0.52V 
(vs Fc/Fci affords a green, e.p.r. active species. E.p.r. spectroscopy 
confirmed that this Au(II) species is identical to the Au(H) species 
electrogenerated in MeCN. 
Acetone: [Au([1 5] aneS&] (PF6) exhibits similar electrochemical behaviour in 
Me2CO as observed in MeCN and MeNO2. The two quasi-reversible 
oxidations occur at E 1 = +0.33V (AE = 120mV) and E = +0.48V (AE = 
80mV) (vs Fc/Fc) at a scan rate of 1OOmVs-1. 
Methylene Chloride: Cyclic voltammetry of [Au([15]aneS5)](PF6) in CH2C12 
(0.4M Bu4NPF6) shows two quasi-reversible oxidations E 3= +0.40V (E = 
276mV), and E 112 = +0.54V (E = 216mV) (Figure 4.9). 
Figure 4.9: 	Cyclic voltammogram of [Au([15]aneS5)1(PF6) 
Curren 
'Bu4NPF6) 
—0.04 	 £ JIILLI 	A .F £ '... / 	 + 1.lbY 
Unlike the electrogeneration in the other solvents, the oxidation at +0.50V (vs 
Fc/Fc) in CH2C12 affords a pale yellow species, further oxidation at +1.00V 
produces a pale green species (Xmax - 418 nm). Unfortunately theoxidation 
products are only sparingly soluble in CH202, making e.p.r. spectroscopic 
measurement difficult. Although a weak anisotropic signal was recorded for 
the second oxidation product as a frozen glass at 77K. The interpretation of 
this data is unclear due to the solubility problem. 
The electrochemical behaviour of [Au([15]aneS&](PF6) is solvent dependent. 
The potentials of the two largely metal-based oxidations differ in MeCN, 
MeNO2 and Me2CO (Table 4.4), although apparently the same Au(H) species 
can be generated in all three solvents. Therefore, it is likely that the Au(II) 
species does not contain co-ordinated solvent. 
Table 4.4 	Summary of cyclic voltammetric data for [Au([15]aneS5)](PF6) 
E 1 (AE /mV) 	E112 (AE  /mV) 
Me2CO +0.33 (120) +0.48 (80) 
MeCN +0.36 (85) +0.54 (60) 
MeNO2 +0.39 (80) +0.66 (60) 
CH2C12 +0.40 (280) +054 (220) 
All potentials quoted vs Fc/Fc at a scan rate of 100mVs 
Coulometric measurements on [Au([15]aneS5)](PF6)  are consistent with 
schemes (1-3) 
Au(I) 	Au(II) - 	'. Au(III) 
-2e 	 -2e- 
Au(I)Au(I) 	) Au(H)Au(H). 	) Au(III)Au(III) 
Au(I)Au(I) -s 2 Au(I) -2e 
	 2& 
	
2 Au(II) 	2 Au(III) 
The solution structure of [Au([15]aneS5)](PF6) is not known; if the solid-state 
structure is retained in solution, the dimeric species could undergo 
oxidations as shown in Scheme 2 and 3. The pre-equilibrium between the 
dimer and monomer in Scheme 3 could well be solvent dependent, thus 
explaining the dependence of the electrochemistry with solvent. 
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4.2.7 Kinetic study on the [Au([15]aneS5)1 12 couple 
The first oxidation process of [Au([15]aneS5)J(PF6) is quasi-reversible in 
MeCN on the cyclic voltammetric time-scale. The peak potential separation 
is dependent on scan rate. This kinetic behaviour was analysed (using the 
method described in Section 3.2.6) to determine the heterogeneous 
electron-transfer rate constant, k 5, for the [Au([15]aneS5)] +'2+  oxidation 
process. 
Cyclic voltammetric measurements on [Au([15]aneS5)](PF6) were carried out 
at platinum electrodes, in MeCN (0.IM Bu4NPF6) at 283.0 K. Numerous 
scans were recorded over the potential range of +0.40V to +1.00V (vs 
Ag/AgC1), at various scan rates (v= 10- 200mVs). 
Using the experimental (i.r. compensated) LE values, the values for 4f were 
obtained from the graph of logo xv vs AE (Figure 3.10). A graph of 
V/2 vs N' gave a straight line plot with a slope of 20.23 ± 0.78 (Figure 4.10b) 
The gradient equals:- 
"2 	 ir =(nFD
° 
 11/2 1. s
-1 
N' 	1RT 	J 
.  
where 	n=1 
F = 96487 Cmo1 1 
R = 8.314 CV K4mo1 1 
T = 283.0K 
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The diffusion coefficient (D& for [Au([15]aneS5)](PF6) was calculated from 
the Levich equation (see Section 3.2.6 Equ' (3)) using the rotating disc 
electrode on the same solvent system. Plotting i vs Co"' for the first oxidation 
process gave a straight line with a gradient of (3.07 ± 0.04) x 10 (Figure 
4.11 a). Hence, the calculation of the diffusion coefficient for 
[Au([15]aneS5)]" 2 . D0 = (8.6 ± 0.2) x 10-6  cm2s4. Thus from equation (1) 
ks  was evaluated:- 
= (2.7 ± 0.2) x 10-3 cms 
The measurable k5, the heterogeneous electron-transfer rate constant for the 
[Au([15]aneS5)] '2  oxidation is consistent with a structural change 
accompanying the electron-transfer process. 
The rate of electron-transfer is a factor of 10 slower for the oxidation of Au(I) 
to Au(II) in the 11151aneS5 system (k 5 = 2.7 x iO cms) than in the [181aneS6 
system (ks  = 26.7 x 10 cms1). This suggests that the stereochemical change 
occurring on the oxidation of [Au([15]aneS5)1 to [Au([15]aneS5)] 2 
substantially greater 	than on oxidising 	[Au([18]aneS6)1 	to 
[Au([18]aneS6)] 2 . This observation is consistent with an additional 
pre-equilibrium between monomer and dimer moieties occurring prior to or 
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Figure 4.10a: 	Graph of i vs o.2  for the (Au(115]aneS5)112 couple 
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4.2.8 Spectroelectrochemical study of [Au([15]aneS5)1 (PF6) 
The electrochemical behaviour of [Au([15]aneS5)](PF6)  can be monitored by 
UV/Vis spectroscopy. A spectroele prochemical study in MeCN at 253K 
shows a clean conversion of Au(I) to the Au(II) species, k max  = 676 nm 
(Emax  = 800 Mcm), 413 (5600), 194 (22400), 191 (22700) at +0.48V (vs 
Fc/Fc) (Figure 4.11). This oxidation occurs with isosbestic points at kiso = 
280, 210 nm indicating the absence of any apparent transient intermediates. 
The Au(II) species can be oxidised at +0.85V (vs Fc/Fc) to give the Au(ffl) 
species, Xmax = 580 (emax = 715 M-1 cm-1), 341 (14,850), ?cjØ = 618, 525, 
376,210 nm) (Figure 4.12). Both these oxidations are chemically reversible. 
[Au([15]aneS5)](PF6) decomposes in a variety of solvents, e.g. Me2CO, 
MeCN, MeNO2 in 20 mins., to give colloidal/ metallic gold and a green 
solution. The resultant green solution has the same electronic spectrum as 
recorded for the electrogenerated Au(II) species. The Au(I) species is 
unstable in solution and disproportionates to Au(0) and Au(ll). 
[Au([15]aneS5)](PF6) decomposes in DMF to give a maroon species (Xmax  = 
530 nm), which is e.p.r. active. The frozen glass e.p.r. spectrum of 
[Au([15]aneS5)](PF6) in DMF shows a strong anisotropic signal (Figure 4.13). 
The spectrum is very different to those observed for the Au(I) species, the 
signal occurring at a higher g value, gay = 2.090, and has a different 
structure. [Au([15]aneS5)1(PF6) therefore appears to be reduced to colloidal 
gold in DMF, producing the paramagnetic maroon solution. 
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Figure 4.11: 	Spectroelectrochemical study of [Au([ 15]aneS5)](PF6) 
(oxidation of [Au([1 5]aneS5)] to [Au([15]aneS5)] 2 ) 
2U0 	 200 	 400 	 coo 
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Figure 4.12: 	Spectroelectrochemical study tof [Au([15]aneS5)1(PF6) 
(oxidation of [Au([15JaneS5)J 2  to [Au([15]aneS5)]3 ) 
:0) 4 oo 	 500 	 coo 
I 
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Figure 4.13: 	X-band frozen glass e.p.r. of [Au([15JaneS5)](PF6)  in DMF. 
Centre field 3100 G 
Sweep field 2000 G 
nfl, rr._ 
4.2.9 Synthesis and characterisation of [Au([15]aneS5)](PF6)2 
The reaction of a 1:1 mixture of KAuC14 and [Au(tht)2](PF6) with one molar 
equivalent of [15]aneS5 in MeNO2 afforded a red-orange solution. Addition 
of NH4PF6 to the reaction mixture resulted in a green solution, which gave a 
green precipitate on the addition of Et20. The green solid was recrystallised 
from MeNO2 and Et20, under N2. The desired product was stored at -20°C. 
The complex gave f.a.b. mass spectral peaks at M+ = 642,497, corresponding 
to [1 97Au([I 5]aneS5i-H)PF6] + and [1 97Au([15] aneS5)] + respectively. 
Microanalytical data was consistent with the formulation of 
[Au([15]aneS5)](PF6)2. The i.r. spectrum (KBr disc) was consistent with this 
assignment, although the green complex turned orange in the presence of 
KBr, suggesting Br uptake of the complex. 
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[Au([15]aneS5)}(PF6)2 can be synthesised using a different starting material. 
Replacing KAuC14 and [Au(tht)2}(PF6) with HAuC14 in the method 
discussed above, yields the same green product. However, using a 
combination of Au(I) and Au(III) starting materials affords a cleaner product, 
which requires minimal recrystallisation. Full experimental details are given 
in Section 4.4.5. The complex dissolves in MeCN to give a green solution. 
The electronic absorption spectrum shows bands at Xmax=  688 flflL (emax = 
700 M 1 cm), 418 (4770), 196(23000), 192(20740), which are similar to the 
bands observed for the first oxidation product of [Au([15]aneS5)1. The 
absorption at 680nm is assigned as a d-d band, the bands at 196 and 192 nm 
as ligand to metal charge-transfer bands. Assignment of the band at 416 nm 
is more difficult, the extinction coefficient is quite large for a pure d-d 
transition, yet the band is solvent independent and is therefore unlikely to be 
due to a charge-transfer transition. 
Attempts to grow single crystals of [Au([15]aneS5)](PF6)2 suitable for an 
X-ray crystallographic structure determination were unsuccessful. Vapour 
diffusion of Et20 into MeCN, MeNO2, Me2CO solutions of the complex in 
air and under N2 resulted in decomposition to Au(I) or metallic/colloidal 
gold. Hexane layering onto a Me2CO solution of complex resulted in 
decomposition. Chemical oxidation of the Au(I) complex using concentrated 
acids did not produce crystalline material. 
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4.2.10 197Au Mössbauer spectroscopic data for [Au([15]aneS5)](PF6)2 
The 197Au Mössbauer spectrum for [Au([15]aneS&](PF6)2 gave a 
non-standard shape similar to the spectra recorded for [Au([9]aneS3)2](BF4)2 
and [Au([18]aneS6)](PF6)2. The model used to fit the data for the [9]aneS3 
and [18]aneS6 complexes was applied to the data observed for 
[Au([15]aneS5)](PF6)2 (Figure 4.14). The peak at 3mm was believed to be 
due to a Au(I) impurity, therefore the doublet observed for 
[Au([15]aneS5)](PF6) at I.S. = 2.38(7), Q.S. = 6.71 (14) mms was included in 
the model programme. The data fitting of [Au([15]aneS&](PF6)2 gave values 
of I.S. = 0.6(3) mms 1, Q.S. = +0.5(2) mms 1 and B = 18(1)T. The lack of 
comparable data of Au(II) systems has made the interpretation of the 
experimental values difficult. 
Figure 4.14: 	197Au Mössbauer spectrum for [Au(115]aneS5)](PF6)2 
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4.2.11 Conductivity study on [Au([15]aneS 5)](PF6)2 
A conductivity study was carried out using the method discussed by 
Feitham 	and Hayter.225 Molar conductivity 	measurements of 
[Au([15]aneS5)](PF6)2 in MeNO2 were taken for a range of concentrations. 
A plot of (Ae) / ce gave a linear relationship with a gradient of 490, indicating 
that [Au([15]aneS5)](PF6)2 is a 2:1 electrolyte. 225  [Au([15]aneS5)](PF6)2, 
therefore, is monomeric in MeNO2 solution. 
4.2.12 E.p.r. studies of [Au([15]aneS5)](PF6)2 
[Au([15]aneS5)] 2 is e.p.r. active. 	The solution e.p.r. spectrum of 
[Au([15]aneS5)](PF6)2 in MeNO2 at 293K shows a strong isotropic signal at 
giso = 2.014 with hyperfine coupling to 197Au (I = 3/2, 100%) producing a 
four-line signal with A50 = 43.3G (Figure 4.15). 
Figure 4.15: 	X-band solution e.p.r. spectrum of EAu([15]aneS5)1(PF6)2 
MeNO2 solution at 293K 	 Centre field 3400 G 
/1 	Sweep width 1000 G 
Second Derivative 
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The X-band frozen glass e.p.r. spectrum of [Au([15]aneS5)](PF6)2 in MeCN 
with nBu4NPF6 dilutant, at 77K shows an anisotropic signal. The spectrum 
was assigned using the second derivative as a single rhombic signal with 
= 2.040(A1 = 66.OG), 92 = 2022 (A2 = 608G), 93 = 2.009 (A3 = 67.OG) 
(Figure 4.16). Simulation of the spectrum on this basis did not reproduce the 
experimental spectrum (Figure 4.17). The weaker features at g = 2.280, 2.160 
(marked by * in Figure 4.16) must be reproduced in a simulation, it is likely 
that the metal quadrupole effects are important in this system, and must also 
be considered (see Section 2.2.6). 
The frozen glass e.p.r.spectrum of [Au([15]aneS5)](PF6)2 is identical to the 
signal observed for the first oxidation product of [Au([ 1 5]aneS5)](PF6) in 
MeCN. These signals are identical in MeCN and MeNO2 suggesting that the 
green Au(II) species is not a solvated species. 
The anisotropic e.p.r. signal observed for [Au([15]aneS5)](PF6)2 has a 
different shape to the spectra recorded for [Au([9]aneS&2] 2 and 
[Au([18]aneS6)] 2 suggesting that the Au(II) centre is situated in a different 
co-ordination sphere in [15]aneS5. The g tensors indicate covalent character 
of the Au-S bonding as discussed in Section 2.2.6. 
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Figure 4.16: 	X-band frozen glass e.p.r. spectrum of [Au([15]aneS5)1(PF6)2 with nB U4NPF6 
Me 
Second Derivative 
Figure 4.17: 	Simulated frozen glass e.p.r. spectrum for [Au([15]aneS5)](PF6)2 
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[15]aneS5 binds Au(I) in an exocyclic manner to produce a dimeric species 
with [2+21 distorted tetrahedral co-ordination at the Au(I) centres. The 
cavity size of [15]aneS5 is incompatible with the desired stereochemistry of 
the Au(I) centre, resulting in the formation of the exocyclic species. The 
solution structure of [Au([15]aneS5)]  was not established, although an 
equilibrium between monomer and dimer is attractive at this stage. 
[Au([15]aneS5)](PF6) undergoes quasi-reversible oxidations to Au(H) then 
onto Au(III). The redox behaviour is solvent dependent. The first oxidation 
from Au(I) to Au(II) in MeCN has a small electron-transfer rate constant, 
k5 = 2.7 x 10 cms 1 , suggesting su1stantial stereochemical rearrangement 
is occurring during or prior to the oxidation process. 
The Au(II) species can be synthesised directly and exhibits strong e.p.r. 
behaviour consistent with the d 9 centre being in an unsymmetrical 
environment and is independent of solvent. [Au([15]aneS5)](PF6)2  was 
found to be mononuclear by a conductivity study, and shows no evidence 
from e.p.r. or electronic absorption spectroscopy of being a solvent-adduct 
species. Therefore it was concluded that the mononuclear Au(H) species 
contains a four or five co-ordinate Au centre. 
If the solid-state structure of [Au([15]aneS5)](PF6) were maintained in 
solution, the dimeric species must dissociate during or prior to oxidation to 
the mononuclear Au(II) species (Scheme 1). This process would involve 
gross stereochemical rearrangement. 
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-2e 
Au(I)Au(I) 	2 Au(I) 	) 2 Au(II) —) 2 Au(III) 	(1) 
Alternatively the dimeric complex may dissociate immediately an solvation 
(Scheme 2). 
-e 
Au(I) 	) Au(II) 	) 2 Au(III) 	 (2) 
The small value of k5 for the [Au([15]aneS5)1" 2 	couple 
(k5  = 2.7 x iO cms) in comparison to k 5 for the [Au([18]aneS6)]" 2 
Process (k5 = 26.7 x 10 cms 1 ), implies greater stereochemical change 
occurring than would be involved in purely intrinisic bond 
breaking/making within a macrocyclic ring. This evidence together with the 
solvent dependence of the first oxidation favour Scheme (1) and Scheme(2). 
Unfortunately, the existence of a dimer/monomer pre-equilbrium could not 
be established unambiguously. 
4.4 EXPERIMENTAL SECTION 
4.4.1 Synthesis of [Au([15]aneS5)](PF6) 
Reaction of [15]aneS5 (30 mg, 0.1 mmol) with [Au(tht)2]PF6 (52 mg, 
0.1 mmol) in stirring CH2C12 (5 cm3) for lhr.., in the dark gives a colourless 
solution. Filtration into ice-cold Et20 (30 cm 3) afforded a white precipitate. 
The white solid was filtered and washed with Et20, then recrystallised from 
MeCN/Et20, dried in vacuo, stored at -20CC. (Yield 35 mg, 54%). M.Wt. = 
642.52. Elemental analyses: found C = 18.6, H = 3.10, S = 25.3%. Caic. for 
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C10H20S5Au 1P1 F6: C = 18.7, H = 3.14, S = 25.0%. I.r. spectrum (KBr disc): 
2960, 2910, 2850, 1440, 1290, 1265, 1200, 1150w, 1135, 1100, 1020w, 915, 
840-820, 740, 690w and 560cm 1 . F.a.b. mass spectrum (3-NOBA matrix) 
found MI = 497. Caic. for [ 197Au(15]aneS5)1: M = 497, with correct 
isotopic distribution. 1 H n.m.r. spectrum (CD3COCD3, 298K, 200.13 MHz): 
6=3.43-3.40 ppm. 13C n.m.r. spectrum (CD3COCD3, 298K, 200.13 MHz) : 6 
= 32.92 ppm. (CI-12). 
4.4.2 Single crystal structure determination of 
[Au([15]aneS5)] (PF&(CH2C12) 
A colourless lath (0.82 x Oil x 0.05 mm) suitable for X-ray analysis was 
obtained by hexane layering onto a solution of the complex in CH2C12. 
Crystal data: 
[C20H40S10Au2] 2 . 2.(PF6), M.Wt. = 1454.75, monoclinic, space group 
P21/c, a = 12.575(5), b = 17.621(6), c = 10.047(3)A, a = 90, 0 = 95.75(4), 'y = 
900, U = 2215A3 [from 20 values of 40 reflections measured at ± 00 
(20<20<26 0, ?. = 0.71073A)] Z = 1, D = 1.090 gcm 3, T = 150 K, .t = 
7.382 mm-1 , F (000) = 1367. 
Data collection and processing: 
Stoë STADI-4 four circle diffractometer, graphite-monochromated 
MOKa X-radiation, T = 150 K, cü - 29 scans using the learnt-profile 
method307, 3012 data measured (20 max  45 0, h •10+10, k 0-+18,1 0-+13), 
2516 unique (Rint = 0.0677), giving 1842 with F > 6 a(F) for use in all 
calculations. Initial absorption corrections were made using ji scans 
(maximum transmission factor = 0.2189, minimum = 0.1555). Linear 
isotropic crystal decay (°40%). 
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Structure solution and refinement: 
A Patterson synthesis located the Au atom and iterative cycles of 
least-squares refinement and difference Fourier synthesis located the 
remaining non-hydrogen atoms. During refinement some disorder in the 
cation was identified. This was modelled using two alternative sites for the 
Au atom giving a major component (76%) and a minor component (24%). 
All isotropic convergence, corrections (mm. 0.826, max. 1.238) for absorption 
were applied using DIFABS. 308 Refinement (by least-squares on AF309) 
with anisotropic thermal parameters for the disordered gold fragments and 
the ordered sulphur atoms and with hydrogen atoms in fixed, calculated 
positions converged at R1, Rw = 0.0722, 0.0841 respectively, S = 1.136 for 
195 refined parameters, and the final AF synthesis showed no feature above 
1.282 ek3. The weighting scheme, w = 2.9046(a 2 (F) + 0.000600 F2), gave 
satisfactory agreement analyses and in the final cycle (A/ (y) max was 0.011. 
4.4.3 Synthesis of [Au([15]aneS5)] (B(C6F5)4) 
To a solution of [Au([15]aneS5)](PF6) (20 mg, 0.03 mmol) in CH202 (3cm 3). 
Li(B(C6F5)4) (2.5 mg, 0.04 mmol) was added and stirred for 15 mins. 
Filtration into hexane produced a white suspension. The white product was 
collected after centrifugation and washed with H20. Dried in vacuo and 
stored at -20°C. (Yield 29 mg, 82%). M.Wt. = 1176.58 Elemental analyses: 
found C = 35.8, H = 2.17, N = 0.31, S = 14.0%. Caic. for 
CH1 0S5Au1B1F20: C = 35.0, H = 0.86, S = 13.8%. I.r. spectrum (KBr disc): 
2950, 2920, 1640, 1600w, 1515, 1470-1450, 1435, 1415, 1375, 1270, 1180, 
1090-1080, 1030, 980, 920, 905, 870, 845, 775, 755, 730, 680, 660, 610, 600, 570, 
480w, 450w, 350 and 320w cm. F.a.b. mass spectrum (3-NOBA matrix) : 
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found M = 693, 497; caic. for [ 197Au2([15]aneS5-H)]; M + 	693; 
[ 197Au([15]aneS5)]; M = 497, with correct isotropic distributions. 
4.4.4 Single crystal structure determination of EAu([15]aneS5)](B(C6F5)4) 
A colourless plate (0.16 x 0.37 x 0.49 mm) suitable for X-ray analysis was 
obtained by hexane layering onto a solution of the complex in CH202. 
Crystal. data: 
[C20H40S10Au2]2 . 2(BC24F20),  M.Wt = 2332.58, triclinic, space group PT, a 
= 8.693(3), b = 14.819(5), c = 16.455(8)A, a = 66.839(20), 0 = 89.448(29), y = 
76.720(26)0, U = 1889A3 [from 20 values of 22 reflections measured at ± co 
(31< 20< 30°, ? = 0.71073A)1 Z = 1, D = 2.050 gcm 3, T = 150 K, p. = 
4.276 mm-1 , F (000) = 1116. 
Data collection and processing: 
Stoë STADI-4 four circle diffractometer, graphite-monochromated MoKa 
X-radiation, T = 150 K, # w - 20 scans using the learnt-profile method 307, 
5142 data measured (20 max  45°, h -9--*9, k -14--+15,1 0-17) 4745 unique 
(Rint = 0.0071), giving 4638 with F > 6 a(F) for use in all calculations. 
Linear isotropic crystal decay (= 2%) corrected for during data reduction, no 
absorption correction. 
Structure solution and refinement: 
A Patterson synthesis located the Au atom and iterative cycles of 
least-squares refinement and difference Fourier synthesis located the 
remaining non-hydrogen atoms. At isotropic convergence, corrections (mm 
0.912, max. 1.103) for absorption were applied using DIFABS. 308 
Refinement (by least-squares on AF309) with anisotropic thermal parameters 
for all ordered non-hydrogen atoms and with hydrogen atoms in fixed, 
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calculated positions, the penta-fluorinated phenyl groups of the [B(C6F5)4)1 
counter-anion were refined as rigid groups, converged at R, R w = 0.0274, 
0.0343, respectively, S = 1.126 for 503 refined parameters, and the final AF 
synthesis showed no feature above 0.885eA. The weighting scheme, w 1 = 
6.3309(cy2(F) - 0.000045 F, gave satisfactory agreement analyses and in the 
final cycle (E/() max. was 0.065. 
4.4.5 Synthesis of [Au([15]aneS5)](PF6)2 
To a stirring degassed solution of [15IaneS5 (80 mg, 0.27mmol) in MeNO2 
(7 cm3), solutions of KAuC14 (49 mg, 10.135 mmol) and[Au(tht)2]PF6 (70 mg, 
0.135 mmol) were added at room temperature.. The resultant red-orange 
solution turned green on the addition of excess of NH4PF6. Schienk 
filtration gave a clear green filtrate which afforded a green precipitate on the 
addition of degassed Et20 (30 cm 3 . Schienk filtration gave the desired 
product, which was recrystallised from MeNO2/Et20 and stored at -20°C. 
(Yield 136 mg, 64%). M.Wt. = 787.48 Elemental analyses: found C = 15.3, 
H = 2.59, N = 0.55%. Caic. for C10H20S5Au1P2F12: C = 15.3, H = 2.56%. 
I.r. spectrum (KBr disc): 3150, 3000, 2990, 2960, 2910, 1570, 1460, 1435, 1370, 
1230, 1150, 1050, 840-820, 710, 560 and 485cm. F.a.b. mass spectrum 
(3-NOBA matrix) : found M 642, 497. Caic. for [ 197Au([15]aneS5+H)PF6]: 
M = 642; [197Au([15]aneS5)]: M = 497, with correct isotopic distributions. 
UV/Vis spectrum (MeCN) : X = 688.0 nm (e max = 700 M*nf'), 418.4 (4770), 
196.4 (23300), 192.0 (20740). 
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CHAPTER 5 
Gold complexes of 
mixed-donor macrocycles 
5.1 INTRODUCTION 
Creating an inherent mis-match between the metal ion and the macrocycle 
can result in complexes that display unusual stereochemical and redox 
properties. 14'26 (see Section 1.4 (D)). The incompatibility of Au(I) with the 
ligand cavity of [15]aneS5  resulted in the formation of an unusual dimeric, 
exocyclic Au(I) species (Chapter 4). 
The aim of the work described in this Chapter was to synthesise Au(I) 
complexes of the mixed-donor ligands [18]aneN2S4 and Me2[18]aneN2S4. 
These ligands incorporate both 'soft' (S-thioether) and 'hard' (N) donor atoms 
within a restrictive macrocyclic framework. If the 18-membered rings are 
compatible with the Au(I) ion, the presence of both 'soft' and 'hard' donors 
may enhance the stabilisation of particular oxidation states of gold. 
Black and McLean first reported the synthesis of [18]aneN2S4 in 1968 230 
(Scheme 1). This high-dilution synthesis gave the desired product in a poor 
yield (4.6%). Lehn and co-workers improved the yield by using an 
alternative stratagem (Scheme 2). This high-dilution cyclisation gave a 45% 
yield of [18]aneN2S4;231 Me2[18]aneN2S4 can be synthesised from 
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The single crystal X-ray structure of [18]aneN2S4 shows the ligand has a 
crystallographic inversion centre, with the torsion angles at all four C-C-N-C 
linkages assuming anti placements, while all the C-C-S-C units are gauche.232 
As discussed in Section 1.4 the majority of unbound homoleptic thioether 
macrocycles tend to adopt exo-conformations, 1518 whereas the S-donors in 
[18]aneN2S4 are neither endo- or exo-dentate. The C-S-C unit is almost 
orthogonal to the macrocyclic plane- 232  
The co-ordination properties of [18]aneN2S4 and Me2[18]aneN2S4 have been 
examined for a number of transition metal centres- 233  Two gross geometric 
isomers for a hexadentate ligand in an octahedral geometry (1) were defined 
by Black and co-workers. 230 The two S-N-S linkages can each bind 
meridionally (racemic isomer (rac)) or facially (mesomeric isomer (meso)) to 










In octahedral complexes of [18]aneS6 [M([18]aneS6)]', (M = Co(ll), 118'119 
Ni(II),112'113 Cu(ll),117 Ru(II), 111 Pd(II),116 Pt(II),116 n = 2; M = Pd(III) /1 14 
n = 3; M = Ag(I), 130 n = 1 ) the ligand exclusively adopts the meso 
configuration, in which unfavourable 1,4-interactions are avoided and the 
number of gauche placements at the C-C-S-C linkages are maxirnised. 161"72 
In contast, the octahedral Fe(II), 24 Co(Ill),24 Rh(III),24 Ni(ll),24 Hg(ll),233 
Ag(I)235 and Cu(II)234 (2) complexes of [18]aneN2S4, adopt the rac 
configuration with anti C-C-N-C linkages. All the octahedral complexes of 
Me2[18]aneN2S4 that have been studied were assigned as meso isomers233 
(e.g. [Cu(Me21181aneN2S4)] 2  (3)). The difference in the co-ordinative 
features of [18]aneN2S4  and Me2[18]aneN2S4 may be a consequence of the 
steric bulk of the N-Me groups over the N-H functions. Me2[18]aneN2S4 will 
adopt a meso configuration in an octahedral complex in order to relieve the 
steric interactions between the methyl and methylene protons and minimise 
to ring strain. 
(2) [Cu([18]aneN2S4)]2 (3) [Cu(Me2(18)aneN2S4)] 2 
The marked stereochemical differences of complexes [18]aneN2S4 and 
Me2[18]aneN2S4 are reflected in their redox behaviour. 232 
[Cu([18]aneN2S4)] 2  and [Cu(Me211 8] aneN2S4)]2  show chemically 
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reversible Cu(II)/(I) redox couples at E = -0.31V and +0.06V (vs FcIFc), 
respectively. The variation in reduction potentials originates from the 
diminished interaction of the 'hard' N-donors to Cu(H), combined with the 
greater interaction of the 'soft' S-donors in [Cu(Me2[18]aneN2S4)] 2 , 
ensuring the increased stabilisation of Cu(I) by Me2[18]aneN2S4 in 
comparison to [18]aneN2S4. 24'234 The availability of both 'hard' and 'soft' 
donors in a cyclic ligand can result in facile redox behaviour (e.g. 
[Co([18]aneN2S4)]2 24) The restricted co-ordinative behaviour of these 
ligands can also impose unusual stereochemistries upon a metal centre: in 
[Pd([18]aneN2S4)] 2  the Pd(II) centre is in a highly unusual distorted 
octahedral stereochemistry. 236 
Various other mixed N- and 5- donors macrocycles have been reported, e.g. 
[9]aneN2S,237 [18]aneN4S2,238 [24]aneN2S41239 and (4).240  Undoy and 
Busch proposed that (4) could only co-ordinate in a rac configuration due to 
the planarity of each S-N-S moiety. 240 Lehn and co-workers have reported a 
stable binuclear Rh(I) complex (5), along with a binuclear Pd(II) species 
(6).241 [18]aneN2S4 and Me2[18]aneN2S4 can also form this type of 
binuclear complex e.g. [Pd2C12(11 8] aneN2S4)] 2 ,24 










Recently, Beer and co-workers have reported three functionalised 
[18]aneN2S4 ligands, (7) and (8) and a dibenzyl-[18]aneN 2S4 ligand. 
Complexation of Cu(II) within the macrocyclic cavity of (7) and (8) perturbs 
the ferrocene - ferrocenium redox couple. 252 Exploitation of these ligands as 
potential metallo-sensors is being examined. 
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A large range of macrotricyclic (face - to - face) ligands have been reported by 
Lehn and co-workers. 242244 These ligands comprise of two chelating 
subunits held at a specific separation by two bridging links. These three-
dimensional, cylindrical ligands can insert either one or two metal centres 
within the molecular cavity. (9, 10) Sufficient separation between two metal 
centres may enable the incorporation of substrate molecules within the cavity 
of a binuclear complex. (11) 
(o 




V\\, ~SN/ ' 0) 
L) 
I 2 




1:1 inclusion complex 	2:1 inclusion complex 
	 S a Substrate 
122 
There are numerous examples of 'face - to - face' ligands incorporating N-, 0-, 
S-donor sets with different bridging links, e.g. ethoxy, amine, aryl 
units.242'247249  The mixed N- and 0-donor 'face - to - face' ligands bind 
alkali metal ions very successfully. 245'249 
Binuclear Cu(II) complexes of (12), (13) and (14) have been reported, 
together with the Ni(II) and Ag(I) complexes of (12) and (13). 246,250  The 
'softer' donor sets of (12-14) have not been employed in the complexation of 
the 'soft' second- and third-row transition metal ions. Binding of 'soft' metal 
centres to 'N2S4' donor sets has been achieved using the [18]aneN2S4  and 
Me211 8]aneN2S4 ligands. 233 
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The second aim of the work discussed in this Chapter was to synthesise a 
mixed N- and S-donor 'face - to - face' ligand, with the intention of 
complexing selected 'softer' transition metal centres. A binuclear 'face - to - 
face' complex containing redox active metal centres is attractive not only in 
view of its potential to undergo multi-electron processes, but also due to the 
possiblity of small substrate encapsulation and activation. 
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5.2 RESULTS AND DISCUSSION 
5.2.1 Synthesis and characterisation of [Au([18]aneN2S4)](PF6) 
Reaction of [18]aneN2S4 with one equivalent of [Au(tht)2](PF6) in CH2C12 
gave a colourless solution. Filtration into hexane afforded a white 
precipitate. The isolated solid was recrystallised from Me2CO and hexane. 
The f.a.b. mass spectrum of the product shows a peak at M+ = 523, 
corresponding to [ 197Au([18]aneN2S4)]. The product was assigned as 
[Au([18]aneN2S4)](PF6) on the basis of this evidence together with i.r. 
spectroscopic and microanalytical data. The recrystallisation stage of this 
synthesis is difficult due to decompostion, resulting in a low yield of the pure 
product. Experimental details are given in Section 5.4.1. 
[Au([18]aneN2S4)1(PF6) decomposes in MeCN and Me2CO to give metallic 
gold; as a result of decomposition and solubility problems n.m.r. studies 
were unsuccessful. Both 1H and 13C n.m.r. experiments resulted in gold-
plated n.m.r. tubes, and gave spectra corresponding to free [18]aneN2S4. 
In the structure of the Cu(I) congener, [Cu([18]aneN2S4)], the metal centre 
is bound in a distorted tetrahedral geometry to three S-donors, Cu - S = 
2.250(3), 2.245(3), 2.357(4)A and one N-donor, Cu - N =2.121(9)A 251 (15). 
The Cu(I) geometry is similar to that observed in [Cu([18]aneS6)]17 The 
Ag(I) ion in [Ag([18]aneN2S4)1+  is bound in a highly distorted octahedral 
geometry,235 (Ag - S = 2.630(4), 2.664(4), 2.719(4), 2.774(4)A; Ag - N = 






Proposing a tructure for [Au([18]aneN2S4)1 on the basis of the structures 
of the analogous Cu(I) and Ag(I) complexes is difficult, since Au(I) is known 
to exhibit different stereochemical preferences. The affinity of Au(I) for 'soft' 
donors, together with its tendency for linear co-ordination, may affect the 
resultant stereochemistry of [Au( [1 8]aneN2S4)] . 
Complexation of Au(HI) with [18]aneN2S4 was attempted. The reaction of 
KAuC14 with [18]aneN2S4  in MeNO2 under N2 gave a maroon solution, 
which turned purple on the addition of excess NH4PF6. An orange-red 
product was isolated from this solution after the addition of Et20. The 
product gave f.a.b. mass spectral peaks at M = 865, 523, 473 corresponding 
to 11 97Au2C14([1 8]aneN2S4 -i-3H)] +, [ 9 'Au([1 8] aneN2S4)] + and 
[([18]aneN2S4+21-1)(PF6)] respectively. On the basis of this characterisation 
together with i.r. spectroscopic data the product was assigned as 
[Au2C14([18]aneN2S4)1(PF6)2; however, the i.r. spectrum also indicated the 
presence of a protonated-ligand contaminant. Removal of the impurity was 
difficult and hindered further characterisation of the gold-containing 
product. 
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5.2.2 Cyclic voltammetry of [Au([18]aneN 2S4)1(PF6) 
Cyclic voltammetry of [Au([18]aneN2S4)1(PF6) at platinum electrodes in 
MeCN. (O.IM 'Bu4NPF6) shows an irreversible oxidation at Epa = +0.85V (vs 
Fc/Fc) at a scan rate of 120mVs 1 . The limited quantity and quality of 
[Au([18]aneN2S4)](PF6) prevented full characterisation of this oxidation 
process. Preliminary coulometric studies on [Au([18]aneN2S4)1(PF6) 
suggested that the oxidation at +0.85V is a two-electron process. The 
colourless Au(I) solution turned orange on oxidation at +1.OV. 
[Au([18]aneS6)](PF6) shows two quasi-reversible oxidations at E,,= +0.36V, 
+0.56V (vs Fc/Fc+) under the same solvent and electrode conditions. Clearly 
the replacement of two S-donors in the macrocyclic donor set with two 
secondary amine functions has altered the redox behaviour of the Au(I) 
species dramatically. [18]aneN2S4 appears to stabilise both Au(I) and 
Au(IH), but is unable to stabilise Au(H). This suggests that [18]aneN2S4 
cannot encompass a Au(II) centre in a suitable unstrained geometry. 
5.2.3 Synthesis and characterisation of EAu(Me2[18]aneN2S4)1(PF6) 
Reaction of Me2[18]aneN2S4 with one molar equivalent of [Au(tht)2](PF6) in 
MeCN, under N2 gave a pale yellow solution, which on the addition of Et20 
afforded a pale green solid. The product gave f.a.b. mass spectral peaks at 
M = 697, 551 corresponding to [ 197Au(Me2[18]aneN2S4+H)PF6i and 
[197Au(Me2[18]aneN2S4)1 71 respectively. On the basis of this evidence, 
together with i.r. spectroscopic and microanalytical data, the product was 
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assigned as [Au(Me2[18]aneN2S4)](PF6). Full experimental details are given 
in Section 5.4.2. 
[Au(Me2[18]aneN2S4)](PF6) decomposes in MeCN or Me2CO in -60mins., 
under ambient conditions, to give metallic or colloidal gold and degrades in 
MeNO2 in lOmins. to produce metallic gold and a blue solution. Due to 
decomposition and solubility limitations n.m.r. studies were not feasible. To 
establish the co-ordination at the Au(I) centre and the conformation of the 
ligand, a single crystal X-ray structure determination was carried out. 
5.2.4 Structure determination of [Au(Me 2[18]aneN2S4)](PF6) 
A 	single 	crystal 	X-ray 	structure 	determination 	on 
[Au(Me2[18]aneN2S4)](PF6) shows the Au(I) centre co-ordinated to two 
S-donors at Au - S(1) = 2.3043(15), Au - S(10) = 2.3138(14)A (Figure 5.1). 
Co-ordination at Au(I) is only marginally distorted from linear, the angle at 
S(1)-Au-S(10) = 177.30(5) °. An additional long-range interaction to another 
S-donor, Au - S(4) = 2.8883(15)A, creates a [2+1] co-ordination at Au(I). The 
remaining S-donor is non-interacting at 3.6242(15)A from the Au(I) centre, 
the N-donors are also non-interacting at 3.795(5) and 3.660(5)A. Full details 
of the solution and refinement of the structure are given in Section 5.4.3. 
Selected bonds, angles and torsions are given in Table 5.1. 
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Figure 5.1: 	Single crystal X-ray structure of [Au(Mc2[18]aneN2S4)14 
OD 
Table 5.1: 	Selected bonds, angles and torsions for EAu(Me2[l8laneN2S4)1 +  
Au - S(1) 2.3043(15) - C(9) 1.529( 8) 
Au - S(4) 2.8883(15) -S(10) 1.817( 6) 
Au -S(10) 2.3138(14) S(10) 	-C(li) 1.812( 6) 
S(1) - C(2) 1.816( 	6) -C(12) 1.529( 8) 
S.(1) -C(18) 1.822( 	6) -S(13) 1.804( 6) 
C(2) - C(3) 1.524( 	8) S(13) 	-C(14) 1.815( 6) 
C(3) - S(4) 1.797( 	6) -C(15) 1.528( 8) 
S(4) - C(S) 1.806( 	6) -N(16) 1.467( 8) 
C(S) - C(6) 1.508( 	8) N(16) 	-C(16N) 1.476( 8) 
C(6) - N(7) 1.470( 	8) N(16) 	-C(17) 1.472( 8) 
N(7) -C(7N) 1.464( 	8) C(17) 	-C(18) 1.512( 8) 
N(7) - C(8) 1.457( 	7) 
S(1) - 	 Au - S(4) 	86.21( 5) N(7) 	- C(8) - C(9) 113.1( 5) 
S(i) - 	 Au -S(10) 	177.30( 5) - C(9) -S(10) 110.0( 4) 
S(4) - 	 Au -S(l0) 95.11( 5) Au 	-S(10) - C(9) 103.90(20) 
Au - S(1) - C(2) 	103.01(19) Au 	-S(10) -C(11) 110.08(19) 
Au - S(1) -C(18) 	110.13(20) -S(lO) -C(11) 99.3( 3) 
C(2) - S(l) -C(18) 	100.5( 3) S(10) 	-C(11) -C(12) 111.8( 4) 
S(1) - C(2) - C(3) 	117.4( 4) C(11) 	-C(12) -5(13) 114.9( 4) 
C(2) - C(3) - 5(4) 	116.0( 4) C(12) 	-S(13) 	-C(14) 103.4( 3) 
Au - S(4) - C(3) 91.99(19) S(13) 	-C(14) 	-C(15) 107.9( 4) 
Au - S(4) - C(5) 	102.11(20) C(14) 	-C(15) 	N(16) 111.0( 5) 
C(3) - S(4) - C(S) 	100.5( 3) C(15) 	-N(16) 	-C(16N) 110.7( 5) 
S(4) - C(S) - C(6) 	110.4( 4) C(15) 	-N(16) 	-C(17) 111.9( 4) 
C(S) - C(6) - H(7) 	114.0( 5) C(16N)-N(16) 	-C(17) 109.8( 
4) 
C(6) - N(7) -C(7N) 	109.9( 5) N(16) 	-C(17) 	-C(18) 113.5( 5) 
C(6) - N(7) - C(8) 	111.1( 4) S(i) 	-C(18) -C(17) 109.8( 4) 
C(7N) - N(7) - C(8) 	110.8( 5) 
C(18) - S(1) - C(2) - C(3) 66.9( 5) C(6) - C(9) 
-5(10) -C(11) 166.9( 4) 
C(2) - S(1) -C(18) -C(17) 158.4( 4) C(9) 
-S(10) -C(li) -C(12) 162.3( 4) 
S(1) - C(2) - C(3) - S(4) 63.2( 5) S(10) 
-C(11) -C(12) -S(13) 49.9( 5) 
C(2) - C(3) - 5(4) - C(S) 65.5( 5) C(11) 
-C(12) -S(13) -C(14) 61.7( 5) 
C(3) - 5(4) - C(5) - C(6) 173.3( 4) C(12) 
-S(13) -C(14) -C(15) -164.1( 4) 
S(4) - C(5) - C(6) - N(7) 51.3( 6) S(13) 
-C(14) -C(15) -N(16) 153.1( 4) 
C(5) - C(6) - N(7) -C(7N) -170.0(  C(14) 
-C(lS) -N(16) -C(16N) 76.9(  
C(S) - C(6) - N(7) - C(8) 67.0( 6) C(14) 
-C(15) -N(16) -C(17) -160.2(  
 
C(6) - N(7) - C(8) - C(9) -165.2( 5) C(15) 
-N(16) -C(li) -C(18) 64.9( 
C(7N) - N(7) - C(8) - C(9) 72.4( 6) 
C(16N)N(16) -C(17) -C(18) -171.8( 5) 
N(7) - C(8) - C(9) -S(10) 52.2( 6) N(16) -C(17) 
-C(18) - S(1) 53.2( 6) 
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The structure of [Au(Me2[18]aneN2S4)] differs from those observed for the 
Cu(I) and Ag(I) congeners. In [Cu(Me2[18]aneN2S4)], the Cu(I) ion is 
bound to three S-donors (Cu - S = 2.2516(16), 2.2612(16), 2.3342(17)A) and one 
N-donor (Cu - N = 2.175(5)A), creating a distorted tetrahedral geometry 
(17).25 1 
(17) [Cu(Me2(118laneN2S4)1 + 	 (18) [Ag(Me2E181aneN2S41 
The structure of [Ag(Me2[18]aneN2S4)] was refined as two components. 235 
In the major component (70.2%) the ligand adopts an unusual kite-basd 
pyramindal geometry at Ag(I) via co-ordination to four S-donors 
(Ag - S = 2.583(4), 2.819(3), 2;663(4), 2.673(4)A) and an apically bound 
N-donor (Ag - N = 2.517(11)A) (18). This component shows a meso-like 
configuration. In the minor component (29.2%) the second N-donor is also 
co-ordinated to Ag(I) producing a distorted octahedral stereochemistry; the 
complex is geniunely in the meso configuration. 235 
In homoleptic thioether macrocyclic complexes of Au(I), [2+2] distorted 
tetrahedral co-ordination predominates, (Chapters 2, 3, 4, 7) whereas in 
[Au(Me2[18]aneN2S4)] the Au(I) is only bound in a [2+1] co-ordination. 
The 'hard' N-donors do not complete the [2+2] co-ordination at the 'soft' 
Au(I) centre in [Au(Me2[18]aneN2S4)] but remain non-interacting at 
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3.660(5) and 3.795(5)A. This mis-match in conjunction with the smaller bite 
angle of the S-N-S linkage ensure the binding of a near linear Au(I) centre 
within Me2[18]aneN2S4. 
5.2.5 Electrochemical studies on [Au(Me2[18] aneN2S4)1 (PF6) 
Cyclic voltammetry of [Au(Me2[18]aneN2S4)](PF6) at platinum electrodes in 
MeCN (0.IM nBU4NPF6) shows two quasi-reversible oxidations at E = 12 
+0.14V (E1  = 130mV) and E = +0.43V (AE = 60mV) (Figure 5.2) and an 
2 	 p 
irreversible reduction at Epc = -0.80V (vs Fc/Fc) at a scan rate of 120mVs 1 . 
Coulometric measurements confirmed the oxidations to be one-electron 
transfer steps, however on the timescale of the coulometric experiments the 
second oxidation is not chemically reversible. 
Figure 5.2: 	Cyclic voltammogram of [Au(Me2118JaneN2S4)](PF6) 
Currer 
0 mVs 1 
7 
- 	I 
Assuming that the oxidations are metal-based processes, Me21181aneN2S4 
appears to stabilise Au(I), Au(II) and Au(III). The fact that the second 
oxidation is not chemically reversible on an extended timescale is consistent 
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with bound Me2[18]aneN2S4 undergoing a ring-opening reaction, similar to 
the reactions observed for homoleptic thioether macrocycles bound to 
electro-positive metal centres- 239  (Section 1.4) N.m.r. studies have confirmed 
that [Rh(Me2[18]aneN2S4)1 3  undergoes a ring-opening reaction. 251 Both 
[Au(Me2[18]aneN2S4)](PF6) and its [18]aneS6 analogue undergo two 
quasi-reversible oxidations. Alteration of the ligand donor set affects the 
relative oxidation potentials of Au(I). (Table 5.2) Substitution of two 'soft' 
S-donors with 'hard' tertiary amine functions increases the stability of the 
higher oxidation states of gold, Au(H) and Au(III). 
Table 5.2. Comparison of oxidation potentials for two Au(I) macrocycic complexes 
E112 E 2 1 ,,2 
[Au([18]aneS6)](PF6) +0.36V +0.56V 
[Au(Me211 8] aneN2S4)1 (PF6) +0.14V +0.43V (vs Fc/Fc) 
scan rate of 1OOmVs 1 
Intriguingly, when Au(I) is bound to a hexadentate ligand that adopts a meso 
configuration about an octahedral centre (e.g. [18]aneS6, Me21181aneN2S4), 
the stabilisation of Au(II) appears possible; whereas, Au(H) is not stabilised 
by [18]aneN2S4. This suggests that the conformationalconstraints of 
[18]aneN2S4 prevent encapsulation of the large Au(II) centre in a suitable 
stereochemistry. 
The first oxidation of [Au(Me2[18]aneN2S4)] is quasi-reversible, the peak 
potential separation varying with scan rate. This kinetic behaviour is 
consistent with structural rearrangement occurring on oxidation of the Au(I) 
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centre. Quantifying the electron transfer rate constant using the method 
discussed in Section 3.2.6 would be useful for comparison with the kinetic 
data obtained for the [Au([18]aneS6)1 12  couple. Unfortunately time did 
not permit the undertaking of these experiments. 
5.2.6 Synthesis of a 'face - to - face' ligand 
The macrotricyclic ligand L 1 , which incorporates the [18]aneN2S4 subunit, 
was reported by Lehn. 242 '246 The synthesis follows a sequential strategy 
involving (i) attachment of two linking appendages to one macrocydlic unit, 
(ii) activation of the terminal functions of the linking units, (iii) insertion of 
the second macrocyclic subunit. (Scheme 3) 
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Various attempts at this synthetic route faltered at step (iii), due to very 
low-yields of steps (i) and (ii). Therefore, another route to a 'N2S4 1-based 
'face - to - face' ligand was sought. 
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The binuclear Cu(II) complex of the aryl-linked ligand L 2 has been 
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Sutherland reported a series of one-step synthesises of ligands L 3-L5.254 
High dilution [2+21 condensation reactions, in the presence of K2CO3 affords 
these ligands in high-yields. The affinity of the 0-donors for K ions 
improves the efficiency of the reaction. Therefore, we proposed a one-step 







- 	Synthesis of L6 
Numerous attempts to synthesise L 6 exemplified the fine balance between 
[2+21 condensation and polymerisation reactions. Clean [2+21 condensation 
is dependent on the method and rate of addition of the reactants and their 
concentration, the type of leaving grbup on the bridging unit and also the 
solvent used. The final, successful synthetic route to L 6 required a high 
concentration of Cs2CO3 
Direct [2+2] high dilution condensation reaction of [18]aneN2S4 with 
p-dibromoxylene in a suspension of Cs2CO3 in MeCN at 80°C, lead to a 
mixture of products after refluxing for 24 hrs. The reaction was monitored 
by t.l.c. (silica) which showed the presence of two products [Rf = 0.24, 0.40; 
(7:10 ethylacetate: hexane)] in addition to a small amount of polymeric 
material. Cs2CO3 was separated from the reaction mixture by filtration and 
the MeCN was removed in vacuo from the yellow filtrate. The resultant 
yellow solid was redissolved in CHC13 and dried over CaSO4 overnight. 
CHC13 was removed in vacuo and the residue taken up in CH2C12. Slow 
addition of cold hexane to the CH2C12 solution afforded a creamy 
precipitate. The product was characterised by i.r. and n.m.r. spectroscopy 
and f.a.b. mass spectrometry. A second crop of the product can be obtained 
by organic extraction of the Cs2CO3 residue. The contaminant (Rf = 0.24) 
was removed during recrystallisation. The final product gave f.a.b. mass 
spectral peaks at M = 857. 429, 327 corresponding to [L 6+4, 
[C20H33S4N2] and [([18]aneN2S4+H)] respectively. On this basis the 
product was assigned as L 6 (C40HS8N4). 
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N.m.r. studies confirmed the assignment of the product. The 1H n.m.r. 
spectrum showed singlets at 3 = 7.39 and 3.61 ppm assigned to 8 aryl and 8 
methylene protons of the linking units repectively, a complex multiplet at S = 
2.68 - 2.72 ppm corresponding to the 48 macrocyclic ring protons. (Figure 5.3) 
These resonances differ from the comparable reference spectra of 
p-dibromoxylene and [18]aneN2S4. 13C (DEFT) n.m.r. spectra shows 
resonances at S = 128.7 and 59.3 ppm assigned to the aryl carbons and 
methylene carbons of the linking unit and three other resonances at S = 55.1, 
32.7, 30.5 ppm corresponding to the macrocyclic subunit carbons. The 
relevant signals have shifted with respect to the free [18]aneN2S4 and 
Me21 18] aneN2S4. 
Figure 5.3: 	1 H n.m.r. spectrum of L 6 
ao 	 6.0 	 4.0 	 20 ppm 
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5.2.7 Complexes of L 6 
Binuclear Pd(II) complex of L 6 
Reaction of L6  with two equivalents of PdC12 in a mixture of MeCN and H20 
afforded a yellow solution after reflux in for 2 hrs. A yellow precipitate was 
formed on the addition of NH4PF6 and recrystallised from Me2CO and 
Et20. The product gave f.a.b. mass spectral peaks at M = 1504, 1357, 1214 
corresponding to [1 °6Pd2(L6+H) (PF&3] +, E 06Pd2(L6-H) (PF6)2] + and 
[106Pd2(L6+H)(PF6)1 respectively. (Figure 5.4) On the basis of this 
evidence, together with i.r. spectroscopic data, the product was assigned as 
[Pd2(L6)] (PF6)4. 
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Unfortunately the very-low yield of this synthesis prevented any further 
characterisation of the binuclear Pd(II) 'face - to - face' complex. 
In [Pd([18]aneN2S4)1 2 , the Pd(II) centre has a distorted octahedral 
stereochemistry, the Pd(II) ion is bound in a square plane to two S-donors, 
(Pd-S = 2.311(3), 2.367(3)A) and two N-donors, (Pd-N = 2.068(7), 2.123(7)A) 
the two remaining S-donors interact at long-range, (Pd...S = 2.954(4), 
3.000(3)A) 236 (19). Functionalisation of the N-H group to N-Me alters the 
stereochemistry adopted by the complex. [Pd(Me2[18]aneN2S4)] 2  shows a 
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square-planar stereochemistry with Pd(II) bound to four S-donors, Pd-S = 
2.3239(22), 2.3261 (22), 2.3331 (22), 2.3399(22)A. 236  (20). 
(19) [Pd([18]aneN2S4)12 
	
(20) [Pd(Me2[18]aieN2S4)] 2 
This alteration in stereochemistry is a consequence of the greater steric bulk 
of N-Me in comparison with N-H 233 The increase in steric bulk at the 
N-function in L6  is considerable. The co-ordination at Pd(111) in L 6 is 
therefore most likely square-planar to four S-donors. (21) 
r\ 
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Gold (I) complex of L6 
Reaction of L6 with two equivalents of [Au(tht)2](PF6) in MeCN for 15 mins. 
results in a pale green solution. Addition of Et20 affords a pale green 
precipitate. The product gave f.a.b. mass spectral peaks at M = 1738, 1591, 
1463, 1447, 1395, 1249 corresponding to [ 197Au3(L6-1-i)(PF6)2], 
[1 97Au3(L6-H) (PF&] , [1 97Au3(L6-2H) (H20)} , [ 197Au3(L6)] , 
[197Au2(L6)(PF6)], [ 197Au2(L6-H)] respectively. It is difficult to ascertain 
if these are genuine peaks due to the complex or are a result of clustering 
during the f.a.b. mass spectrometry experiment. In conclusion, Au(I) binds 
to L6, possibly giving a 2:1 or 3:1 complex. 
5.3 CONCLUSIONS 
Au(I) complexes of [18]aneN2S4 and Me2[18]aneN2S4 have been isolated. In 
[Au([Me2[18]aneN2S4] three S-donors complete the [2+1] co-ordination at 
Au(I). It is possible that Au(I) is bound to [18]aneN2S4 in a similiar manner 
in view of the related Cu(I) structures. [Au(Me2[18]aneN2S4)] exhibits two 
quasi-reversible oxidations, suggesting the stabilisation of Au(111) and 
Au(IH), whereas [Au([18]aneN2S4)1 undergoes an irreversible oxidation, 
most likely to Au(III). If the Au(II) centre desires a distorted octahedral 
geometry, it would appear that Me2[18]aneN2S4, unlike [18]aneN2S4, can 
encapsulate a Au(II) ion in this stereochemistry. Improved syntheses of 
[Au(L)](PF6) (L = [18]aneN2S Me2[18]aneN2S4) are required to allow the 
full characterisation of their redox processes. 
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A one-step synthetic route to the binucleating 'face - to - face' ligand L6 has 
been established. The 'soft' S-donors of this ligand were exploited in the 
complexation of Pd(ll), yielding a binuclear complex. Further complexation 
studies of this ligand may produce new binuclear species that undergo facile 
multi-electron transfer processes. 
5.4 EXPERIMENTAL SECTION 
5.4.1 Synthesis of [Au([18]aneN2S4)](PF6) 
Reaction of [18]aneN2S4 (50 mg, 0.153 mmol) with [Au(tht)2]PF6 (87 mg, 
0.168 mmol) in stirring CH2C12 (10 cm 3) for 2 hrs. at room temperature, in 
the dark, gives a colourless solution, which was then reduced in volume (3 
cm3) in vacuo. Filtration into ice-cold hexane (20 cm 3) afforded a white 
precipitate on cooling to -20°C. The product was filtered, recrystallised from 
Me2CO/hexane and washed with hexane, yielding a white solid which was 
dried in vacuo and stored at -20°C. (Yield 32 mg, 31%). M.Wt. = 668.54. 
Elemental analyses: found C = 21.4, H = 3.95, N = 3.93, S = 17.7%. Calc. for 
C12H26S4N2AuPF6: C = 21.5, H = 3.92, N = 4.20, S = 19.2%. I.r. spectrum 
(KBr disc): 3200-3000, 2960, 2910, 2820, 1740, 1480, 1465, 1445, 1420, 1300, 
1270, 1210, 1130, 1000, 940, 900, 870, 835, 780, 740, 640 and 555 cm -1 . F.a.b. 
mass spectrum (3-NOBA matrix) : found M = 523. Caic. for 
[197Au([18]aneN2S4)]: M = 523,4th correct isotopic distribution 
140 
5.4.2 Synthesis of [Au(Me21181aneN2S4)] (PF6) 
Reaction of Me2[18]aneN2S4 (30 mg, 0.085 mmol) ith [Au(tht)2]PF6 (44 mg, 
0.085 mmol) in stirring MeCN (5 cm 3) for 30 mins at room temperature, in 
the dark gives a pale yellow solution. Filtration into ice-cold Et20 (20 cm 3) 
afforded a precipitate on cooling to -20°C. The product as filtered, ashed 
ith Et20, yielding a pale green solid which was and dried in vacuo and stored 
at -20°C. (Yield 25 mg, 42%). M. t. = 696.59. Elemental analyses: found C = 
23.0, H = 4.11, N = 4.08, S = 18.8%. Calc. for C18H30S4N2AuPF6: C = 24.1, 
H = 4.34, N = 4.020, S = 18.4%. I.r. spectrum (KBr disc): 2940, 2850, 2800, 
2795, 1460, 1450, 1420, 1380, 1310, 1280, 1265, 1250, 1240, 1220, 1200, 1170, 
1160, 1100, 1060, 1015, 975, 950, 940, 920, 890, 860-840, 750 and 560 cm. 
F.a.b. mass spectrum (3-NOBA matrix) : found M = 697, 551. Caic. for 
[ 197Au(Me2[1 8] aneN2S4+H)PF6] : M = 697, [ 197Au(Me2[1 8]aneN2S4)] ; 
M = 551, with correct isotopic distributions. 
5.4.3 Single crystal structure determination of [Au(Me2E18]aneN2S4)1(PF6) 
A pale yellow columnar crystal (0.12 x 0.14 x 0.54 mm) suitable for X-ray 
analysis was obtained by vapour diffusion of Et20 into a solution of the 
complex in MeCN. 
Crystal data: 
[C1 4H30S4N2Au}t(PF6), M = 696.52, monoclinic, space group P21,c  a .= 
12.4809(22), b = 19.6508(24), c = 9.7532(15)A, P = 102.242(22) 0, LI = 2338 A3 
[from 29 values of 45 reflections measured at ± o (24< 20< 26°, ? = 
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0.71 073 A)] Z = 4, D = 1.979 gcm 3, T = 277 K, j.t = 67.01 mm-1 , F (000) = 
1360. 
Data collection and processing: 
Stoë STADI-4 four circle diffractometer, graphite-monochromated MO-K a  
X-radiation, T = 277 K, w - 20 scans using the learnt-profile method 307,  2195 
data measured (20 max 45°, h -10410, k 0421, 1 0-313, giving 2642 ith 
F> 6 a(F) for use in all calculations. Initial absorption correction was made 
using ji scans (maximum transmission factor = 0.3022, minimum = 0.2401). 
Structure solution and refinement: 
A Patterson synthesis located the Au atom and iterative cycles of 
least-squares refinement and difference Fourier syntheses located the 
remaining non-hydrogen atoms. At isotropic convergence, corrections (mm 
0.852, max. 1.105) for absorption were applied using DIFABS. 308 Disorder in 
the PF6 counter-anion was modelld by allowing partial occupation of 
alternative sites of selected F atoms. The Au, N, S, C, P and fully occupied F 
atoms were then refined (by least-squares on F 309)  with anisotropic thermal 
parameters, and hydrogen atoms were included in fixed, calculated 
positions. At final convergence at R, R = 0.0282, 0.0400, respectively, S = 
1.051 for 273 refined parameters, and the final AF synthesis show ed no 
feature above 0.98ek3. The weighting scheme, w 1 = a2(F) + 0.001027F2, 
gave satisfactory agreement analyses and in the final cycle (A/cy) max Was 
0.049. 
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5.4.4 Synthesis of L6 
To a vigorously stirring, refluxing suspension of Cs2CO3 (25g) in MeCN (160 
cm3), under N2, solutions of [18]aneN2S4 (500 mg, 1.53 mmol) in MeCN: 
CH2C12 (4:1 v/v, 100 cm 3) and p-dibromoxylene (406 mg, 1.53 mmol) in 
MeCN (100 cm3) were added over 2hrs. The resultant mixture was refluxed 
for 24 hrs. and monitored by t.1.c.,which showed the presence of two products 
(Rf = 0.24, 0.40). Cs2CO3 as filtered off to give a yellow filtrate. The solvent 
as removed from the filtrate in vacuo, the residue was redissolved in MeCN 
(20 cm3) and then H20 (100 cm 3) '4is added. All the solvent v4s removed 
from the white cloudy solution, to give a cream gum. The residue as taken up 
in CHC13 (100 cm 3) and dried over CaSO4 for 12 hrs. The product was 
isolated by precipication with hexane. A second crop of L 6 was obtained by 
extraction of the Cs2CO3 residue. The Cs2CO3 in H20 (100 cm 3) was 
extracted with portions of CH202 (4 x 30 cm 3). The solvent was removed 
from the combined extracts in vacuo. The resultant yellow oil was dissolved 
in CHC13 and dried over CaSO4. The second crop was recrystallised from 
CH2C12 and hexane. (Combined yield 150 mg, 23 %) M.Wt = 857.83. 
Elemental analyses: found C = 54.1, H = 6.77, N = 4.87 %. Caic. for 
C40H64S8N4: C = 56.1, H = 7.48, N = 6.54 %. I.r. spectrum (KBr disc) 
3300-3000,2950, 2920, 2800, 1750, 1700, 1620-1600, 1510, 1450, 1420, 1370, 1360, 
1270, 1200, 1100, 1040, 1020, 820, 700, 680, 600 and 480 cm-1 . F.a.b. mass 
spectrum (3-NOBA matrix) : found M = 857. Calc. for [C40H65S8N4]: M 
= 857, with correct isotropic distribution. 1H n.m.r. spectrum (CDC13, 298 K, 
80.13 MHz) : 8 = 7.39 (8H), 3.61 (8H), 2.68-2.72 (48H) ppm 13C (DEPT) n.m.r. 
spectrum (CDC13, 298 K, 50.32 MHz) : 8 = 128.7 (aryl-CH), 59.3 (CH2-Ar), 
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55.1 (CH2-N), 32.7,30.5 (CH2-S) ppm T.1.c. (plastic-backed silica) : (7:10) 
ethylacetate : hexane Rf = 0.40. 
5.4.5 Synthesis of [Pd2(L6)](PF6)4 
Reaction of L6 (_ 30 mg, 0.035 mmol) with PdC12 (12 mg, 0.068 mmol) in 
refluxing MeCN : H20 (60: 40 cm3) for 2hrs, under N2 produced an orange 
solution. MeCN was removed in vacuo and MeOH (30 cm 3) was added. The 
solution was then refluxed for a further 6hrs, cooled and filtered. An orange 
product was formed on the addition of NH4PF6. The orange solid was 
filtered and recrystallised from MeCN and Et20. (Yield 17 mg, 29%) 
M.Wt. = 1649.83. I.r spectrum (KBr disc) : 3200, 2820, 1630, 1510, 1460, 1380 1  
1300, 1250; 1215, 1185 1130, 1090, 1035, 980, 840, 750, 720, 630 and 560 cm -1 . 
F.a.b. mass spectrum (3-NOBA matrix) : found M = 1504,1357,1214; caic. 
for [106Pd2(C40H65S8N4)(PF6)3] : M = 1504; 
[ 106Pd2(C40H63S8N4)PF6)21+ : M = 1357; 
[106Pd2(C40H65S8N4)1 : M = 1214 with correct isotopic distributions. 
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CHAPTER 6 
Copper and silver complexes 
of octathia macrocycles 
6.1 INTRODUCTION 
A variety of biological processes involve copper containing proteins, these 
include electron transfer and many oxidase activities. 28,255 -257  Numerous 
spectróscopic studies, both of the original biomolecules and of model 
systems, have been undertaken in an effort to discover the key features of 
these enzymes. 258262'269 Many aspects of their behaviour still remain 
unclear, hence the continued interest in this area. The study of mononuclear 
and binuclear Cu(II)/(I) complexes as models for these metalloenzymes is 
well established.239'242'2 63-2 85 
Binucleating macrocyclic ligands have been used in the synthesis of possible 
models for haemocyanin, blue oxidases and tyrosinase, 28'255 all known to 




NV N 	X= NO 
Proposed binuclear copper sites for oxyhaemocyanin 
Larger ring systems and compartmental ligands binding two copper centres 
in close proximity have been synthesised in order to mimic the magnetic and 
e.p.r. behaviour of these metalloenzymes. 242'278285 Ligands (2) - (5) are 
examples of binucleating ligands used to complex two copper ions. 
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Several biological systems involve copper co-ordinated to sulphur e.g. 
plastocyanin290 and azurin,291 in which there is believed to be a primary 
'S2N2' co-ordination about the metal centre. This provided the initial 
impetus for the investigation of thioether macrocyclic complexes of 
Cu(II) / (J)88,1 08,110,117,292-302 
Rorabacher et al. have reported a series of studies on the complexation of 
Cu(H) 	and 	Cu(I) 	with 	[15]aneS5 	and 	various 	tetrathia 
macrocycles. 108' 0'292299 	The single crystal X-ray structure of 
[Cu([15]aneS5)1 2  shows a square-based pyramidal stereochemistry, Cu - 
Seq = 2.289(2), 2.315(2), 2.331(2), 2.338(2), Cu-Sap= 2.398(2)A, with the 
copper atom 0.41A out of the basal plane, 108 (6). Reduction of 
[Cu([15]aneS5)] 2  affords [Cu([15]aneS5)], in which the Cu(I) centre has a 
distorted tetrahedral geometry in the solid state, Cu - S = 2.243(5), 2.245(5), 
2.317(5), 2.338(5)A, the fifth S- donor is non-bonding and is disordered over 
the two sites, Cu ... S = 3.443(12) and 3.560(11)A (7). 
(6) [Cu(E151aneS5)12 (7) 
[Cu([15]aneS5)1 
The self-exchange electron-transfer rate constant for the [Cu([15]aneS5)] 2+l'+ 
couple is very rapid (k = 3 x IO M 4s4).108  Cooper et al. have reported 117 a 
similar, rapid Cu - S bond cleavage on reduction of [CuU18]aneS6)1 2 . The 
Cu(II) complex of [18]aneS6 shows a tetragonally elongated octahedral 
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stereochemistry, Cu - S = 2.328(1), 2.402(1), 2.635(1)A (8). Reduction of this 
complex gives [Cu([18]aneS6)] which, like [Cu([15]aneS5)], shows a 
tetrahedral stereochemistry at the metal centre, Cu - S = 2.245(2), 2.253(2), 
2.358(2),2.360(2)A (9). 
(8) [Cu([18]aneS6)1 2 	 (9) [Cu([18]aneS6)] + 
The interconversion of Cu(II)/(I) centres within the [15]aneS5 and [18]aneS6 
ligands therefore involves the formation and breaking of one and two Cu - S 
bonds, respectively.. Lucas et al. have reported copper complexes of 
thioether ligands incorporating a thiophene unit, L1 301 and L2 302 (10),(11). 
In the structure of [Cu(L 1 )2], the Cu(I) centre has a distorted tetrahedral 
co-ordination geometry with Cu - S = 2.359(3), 2.307(3), 2.392(3), 2.301(2)A, 
with the thiophene unit non-bonding. These results suggested that 
tetrahedral co-ordination of copper(I) to thioether crowns is preferred, as 
expected for a d 1 ° metal centre. 
- 	 0 
S 	 r S 
Cs  
Li 
(10) 	 (11) 
0 0 	 0 
(12) [Cu2(NCMe)2([18]aneS6)] 2 
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The synthesis and structure of binuclear Cu(I) species [Cu2(L)(NCMe)2] 2 , 
(L = [18]aneS6 121 (12), Me21181aneN2S4234) have been reported. In these 
systems, however, the 18-membered rings lack sufficient sulphur donors and 
are too small to encapsulate two tetrahedral Cu(I) centres. Therefore a 
MeCN solvent molecule completes the tetrahedral co-ordination at each 
Cu(I) centre. The larger ring, octadentate thioether macrocycles, [24]aneS8 
and [28]aneS8, should be capable of encapsulating two Cu(I) ions 
tetrahedrally within the macrocyclic framework to give a binuclear, 
homoleptic thioether complex. 
The initial aims of the work described in this Chapter were to synthesise the 
binuclear Cu(I) complexes of [24]aneS8 and [28]aneS8, examine their redox 
properties, and then hopefully generate active binuclear Cu(H) species with a 
view to the incorporation of small molecular substrates. 
The co-ordination of these two macrocycles has not previously been studied 
in depth, some complexes of Nb(V), 89 Ni(II),125 Pd(II),24'125 Cu(ll),124 
Ag(I),126'127 Hg(II),126 ions have been reported with these ligands, 
although the resultant complexes have not been characterised unequivocally. 
Due to the paucity of fully characterised complexes of these ligands the 
pursuit of the binuclear Ag(I) species was also undertaken, providing 
analogous complexes for comparison with the copper species. As discussed 
in Chapter 4 complexation of Ag(I) ions to thioether ligands leads to a 
variety of metal co-ordination geometries depending on the ligand and the 
counter-ion.'1 06,107,120,303,304, 
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6.2 RESULTS AND DISCUSSION 
1Cu2([241aneS8)J(X)2 (X = BF4, PF6) 
6.2.1 Synthesis 
Reaction of [241aneS8 with two molar equivalents of [Cu(NCMe)41(BF4) in 
refluxing MeCN afforded a white precipitate on the addition of Et20. 
Re-crystallisation of this product from hot Me2CO and Et20 yielded a white 
microcrystalline solid, which gave f.a.b. mass spectral peaks at M = 694, 
606 assigned to [63Cu2([24]aneS8-H)(BF4)] 1 [63Cu2([24]aneS8-2H)] + 
respectively. On the basis of this evidence and additional data from 
microanalyses and i.r. spectroscopy, the product was assigned as 
[Cu2([24]aneS8)](BF4)2. Full experimental details are given in Section 6.4.1. 
The PF6 	salt was synthesised by the same method except using 
[Cu(NCMe)4](PF6), the product gave f.a.b. mass spectral peaks at M = 753, 
607 assigned to [63Cu2([24] aneS&PF6] , [ 63Cu([24]aneS8-H)I + respectively. 
In order to confirm the connectivity and stereochemistry at the Cu(I) centres, 
and also the conformation of the large-ring macrocycle, a single crystal 
X-ray structure determination was carried out. 
6.2.2 Structure determination of [Cu 2([24]aneS8)1(BF4)2 
A single crystal X-ray structure determination on [Cu2([24]aneS8)](BF4)2 
confirmed the compound to be a genuine binuclear Cu(I) complex (Figure 
6.1) 	Full details of solution and refinement of the structure are given in 
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Section 6.4.2. Selected bonds, angles and torsions for this structure are given 
in Table 6.1. The two Cu(I) centres are related by a crystallographic 
inversion centre and are each co-ordinated to four thioether S-donors, 
Cu - S(1) = 2.263(3), Cu - S(5) = 2.363(3), Cu - S(7) = 2.349(3), Cu - S(10) = 
2.261(3)A. These bond lengths are comparable with Cu - S distances in 
related complexes: 
[Cu([15]aneS5)1; Cu - S = 2.243(5) - 2.338(5)A; 108 
[Cu([18]aneS6)]: Cu - S = 2.245(2),2.360(2); 117  
[Cu2([18]aneS6)(NCMe)2]: Cu - S = 2.3200(15) - 2.3415(16)A. 121 	The 
Cu ... Cu distance of 5.172(3)A in the [Cu2([24]aneS8)] 2  cation indicates that 
the two metal centres are non-interacting. The angles at the Cu(I) centres are 
distorted from those expected for strictly tetrahedral co-ordination 
S(1) - Cu - S(4) = 94.54(10). S(1) - Cu - S(7) = 120.20(11), S(1) - Cu - S(10) = 
133.86(11), S(4) - Cu - S(7) = 91.81 (10), S(4) Cu - S(10) = 116.39(10), 
S(7) - Cu - S(10) = 93.57(1 0) °. The structure shows that the 24-membered 
macrocyclic ligand is sufficiently flexible and the cavity large enough to 
encapsulate two isolated tetrahedral metal centres. 
6.2.3 N.m.r. studies 
The 1 H n.m.r. spectrum of [Cu2([24]aneS8)](BF4)2 shows a broad resonance 
at 8= 2.13 - 2.93 ppm in CD3CN. If the solid-state structure of 
[Cu2([24]aneS8)1 2  is retained in solution the 1H n.m.r. spectrum would 
show a complex second-order multiplet. The expected 13C n.m.r. spectrum 
should show at least four different methylene resonances for the binuclear 
distorted tetrahedral co-ordination of the [24]aneS8 ligand. Instead the 13C 




Figure 6.1: 	Single crystal X-ray structure of ICu2([24]aneS8)J2 
Table 6.1: 	Selected bonds, angles and torsions for [Cu2([24]aneS8)] 2 
Cu(l) - 	 5(1) 2.263( 	3) C(S) - C(6) 1.503(16) 
Cu(1) - 5(4) 2.363( 	3) C(6) - S(7) 1.817(12) 
Cu(1) - 	 5(7) 2.349( 	3) S(7) - C(S) 1.808(12) 
Cu(1) -S(10) 2.261( 	3)  - C(9) 1.561(16) 
S(1) -C(2) 1.800(10)  -S(10) 1.814(12) 
C(2) - C(3) 1.520(14) S(1O) -C(11) 1.811(10) 
C(3) - 	 S(4) 1.816(10) C(11) -C(12) 1.524(14) 
S(4) -C(S) 1.837(12) C(12) -S(l) 1.807(11) 
S(1) -Cu(1) - 	 S(4) 94.54(10) C(3) - S(4) - C(S) 101.8( 5) 
S(1) -Cu(1) - S(7) 120.20(11) S(4) - C(S) - C(6) 110.3( 8) 
S(1) -Cu(1) -5(10) 133.86(11) C(S) - C(6) - S(7) 113.1( 8) 
S(4) -Cu(1) - 	 S(7) 91.81(10) Cu(1) - S(7) - C(6) 98.0( 4) 
S(4) -Cu(1) -S(10) 116.39(10) Cu(1) - S(7) - C(S) 98.8(  
S(7) -Cu(1) -S(10) 93.57(10) C(6) - S(7) - C(S) 102.3(  
Cu(1) - S(1) - C(2) 97.8( 	3) S(7) - C(8) - C(9) 116.2( 8) 
Cu(1) - S(1) -C(12) 110.8( 	4) C(8) - C(9) -S(10) 112.7( 8) 
C(2) - S(1) -C(12) 100.9( 	5) Cu(1) -S(10) - C(9) 97.7( 4) 
S(1) - C(2) - C(3) 115.4( 	7) Cu(1) -S(10) -C(11) 107.9( 3) 
C(2) - C(3) - S(4) 116.3( 	7) C(9) -S(10) -C(11) 103.6( 5) 
Cu(1) - S(4) - C(3) 97.3( 	3) S(10) -C(11) -C(12) 113.1( 7) 
Cu(1) - S(4) - C(S) 96.4( 	4) C(11) -C(12) -S(1) 112.7( 7) 
C(12)- S(1) - C(2) - C(3) 70.7( 8) C(6) - S(7) - C(S) - C(9) 77.6( 	9) 
S(1) 	- C(2) - C(3) - S(4) 51.1( 9) S(7) - C(8) - C(9) -S(10) 49.9(11) 
C(2) 	- C(3) - S(4) - C(S) 70.6( 8) C(S) - C(9) -S(10) -C(11) 63.7( 	9) 
C(3) - S(4) - C(S) - C(6) -147.6( 8) C(9) -S(10) -C(11) -C(12) 91.2( 	8) 
S(4) - C(S) - C(6) - S(7) 64.9( 9) S(10) -C(11) -C(12) -S(1) 68.2( 	B) 
C(S) 	- C(6) - S(7) - C(8) -141.7( 8) 
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32.54 ppm in CD3CN. The appearance of this single carbon resonance 
implies that the ligand is undergoing a rapid intramolecular averaging 
process. Lowering the temperature should affect such a process, however 
this resulted in precipitation of the sample. Repeat studies in different 
solvents showed similar behaviour. Therefore the elucidation of the 
solution structure of [Cu2([24]aneS8)F6)2 was not possible. 
6.2.4 Electrochemical study 
Cyclic voltammetry of [Cu2([24]aneS8)](PF6)2 at platinum electrodes in 
MeCN (0.IM nBu4NpF6) shows an irreversible oxidation at Epa = +0.88V vs 
Fc/Fc+ at a scan rate of 200 mVs 1 Coulometric measurements confirmed 
this oxidation to be a two-electron process, affording a green e.p.r. active 
product. The X-band frozen glass e.p.r. spectrum recorded for the oxidation 
product (Figure 6.2) shows a complicated metal-based multiplet consistent 
with the electrogeneration of a binuclear Cu(II) species. The extent of the 
interaction, if any, between the d 9 metal centres is difficult to ascertain. 
There is a marked similarity between this spectrum and that obtained for 
63Cu doped crystals of [Ni([14]aneS4)] 2t101 However, there is additional 
structure in the spectrum of the oxidised [Cu2([24]aneS8)] 2  species. If the 
vacant axial sites on the Cu(II) centres were occupied by a bound MeCN 
molecule then an additional coupling to 14N (I = 1) should be present, this 
may account for the additional features in the spectrum. Interpreting this 
spectrum requires further analysis and computer simulation to determine 
whether this signal is due to, (i) two overlapping dissimilar Cu(II) centres, 
(ii) Cu(H) centres with axially bound solvent molecules, (iii) weakly 
interacting Cu(II) centres- 333  
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Figure 62: 	X-band frozen glass e.p.r. spectrum of the electrochemical oxidation product 
Of [Cu2(124JaneS8)](PF6)2 
MeCN frozen glass at 77K 	 Centre field 3300 C 
Figure 6.3: 	SpectroelectrochemiCal study of [Cu2([24]aneS8)](PF6)2 
1 
1 	 MecN (O.IM Bu4NPF6) 
+1.0 V (vs Fc/Fc) 
1 	 at 293K 
- 	 I 
e. 
-I 	 r 
I 	.. . . . . . . . . . . 	 . 	 . 	 . 	 . 	 . 	 I 	 . 
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Access to suitable simulation programmes was not available at this time. 
The electrogeneration can be monitored by UV/Vis spectroscopy (Figure 
6.3). At E = +1.0 V vs Fc/Fc the growth of a broad band of = 
430.8 nm (emax = 8100 Mcm4) with an isobestic point at 2'iso = 258 nm is 
observed. The collapse of this band is seen on re-reduction at OV, however 
the starting material is not re-generated. The fact that the oxidation is 
irreversible and prone to decomposition is not surprising since the resultant 
Cu(II) centres would be expected to tend towards octahedral or at least five 
co-ordination, and would therefore require extra ligation. Decomposition of 
the oxidised binuclear Cu(I) species to a mononuclear Cu(H) species via the 
de-complexation of the second Cu(II) centre cannot be ruled out. There 
would then be sufficient S-donors available to the lone Cu(II) centre for the 
satisifaction of a preferred co-ordination. 
6.2.5 Chemical oxidation 
Oxidation of [Cu2([24]aneS8)](PF6)2 using concentrated FIN03 and 98% 
H2SO4 affords stable yellow and green paramagnetic species, respectively. 
The frozen glass e.p.r. spectra alter markedly depending on the mineral acid 
used and differ from the spectrum of the electrogenerated species, 
suggesting the incorporation of bound NO3 and SO4 2- ions in the 
chemically oxidised species. 
Isolation of these oxidised products proved difficult due to the required 
presence of such strongly acidic media. The only feasible route to isolation 
of a product would be via crystallisation at low temperature. 
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However, the growth of crystals did not occur after storing these oxidised 
products in acid at -30°C for 18 months. 
[Cu2 ((28]aneS8)1(X)2 (X = ClO,f, PF6) 
6.2.6 Synthesis 
Reaction of [28] aneS8 with two molar equivalents of [Cu(NCMe)41(C104) in 
refluxing MeCN afforded a white precipitate on the addition of Et20. 
Re-crystallisation of this product from hot Me2CO and Et20 yielded a white 
microcrystalline solid which shows f.a.b. mass spectral peaks at M = 763, 
663 assigned to [63Cu2([28]aneS8) 35Cl041, [63Cu2([28]aneS8-H)] 
respectively. The product was assigned as [Cu2([28]aneS8)](C104)2 on the 
basis of this evidence, together with microanalyses and i.r. spectroscopic 
data. Full experimental details are discussed in Section 6.4.3. 
The PF6 	salt was synthesised by the same method except using 
[Cu(NCMe)4](PF6), the product gave f.a.b. mass spectral peaks at 
M = 809,663 assigned to [63Cu2([28]aneS8)PF6], [ 63Cu2([28]aneS8-H)] 
respectively. To confirm the stereochemistry and a connectivity at the metal 
centres a single crystal X-ray structure determination was carried out. 
6.2.7 Structure determination of [Cu2([28]aneS8)](PF6)2 
A single crystal X-ray structure determination of [Cu2([28]aneS8)](PF6)2 
confirmed the compound to be a genuine binuclear Cu(l) complex (Figure 
6.4). Full details of the solution and refinement of the structure are given 
in Section 6.4.4. The structure shows similar features to that of the smaller 
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ring analogue [Cu2[24]aneS8)1 2  (discussed in Section 6.2.2). The two 
tetrahedral Cu(I) centres, related by an inversion centre, are co-ordinated to 
four thioether S-donors, Cu - 5(1) = 2.278(5), Cu - S(4) = 2.333(5), Cu - S(8) = 
2.328(5), Cu - S(11) = 2.268(5)A. The angles at the Cu(I) centres are again 
distorted from those expected for a tetrahedron, S(1) - Cu - S(4) = 93.69(19), 
S(1) - Cu - S(8) = 108.78(19), S(4) - Cu - S(9) = 105.66(18), S(4) - Cu - S(11) = 
119.79(19), S(8) - Cu - S(11) = 93.25(18)°. The Cu...Cu distance of 6.454(3)A 
is greater than in the [Cu2([24]aneS8)I 2  cation, reflecting the greater cavity 
size of [28]aneS8. 
6.2.8 N.m.r. studies 
The 'H n.m.r. spectrum of [Cu2([28]aneS8)](PF6)2 shows a broad resonance 
at 8 = 2.75 - 3.10 ppm assigned to the macrocyclic protons. The 13C n.m.r. 
spectrum at 298K shows three resonances at 33.60, 31.50 and 25.56 ppm 
indicating that there is probably a fast intramolecular exchange process 
occurring either via the continual movement of the macrocylic ligand 
around the two copper (I) centres or via the rapid alteration of the ligand 
conformation about the bound metal centre. On cooling to 238K the species 
ceases to be as flexible giving six resonances at 34.27, 32.69, 32.08, 31.92, 30.35 
and 21.90 ppm corresponding to the six unique methylene environments 
present when each Cu(I) centre is bound identically to an isolated set of four 
S-donors. This is consistent with each Cu(I) ion having a distorted 
tetrahedral stereochemistry, as found in the solid-state structure discussed in 
Section 6.2.7. 
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Figure 6.4: Single crystal X-ray structure of [Cu2([28]aneS8)]2 
(71 
OD 
Table 6.2.: 	Selected bonds, angles and torsions for [Cu2([28]aneS8)J 2 
Cu - S(1) 2.278( 	5)  - C(7) 1.56( 	3) 
Cu - S(4) 2.333( 	5)  - S(8) 1.794(20) 
Cu - S(8) 2.328( 	5) S(8) - C(9) 1.804(17) 
Cu -S(11) 2.268( 	5)  -C(10) 1.493(25) 
S(1) - C(2) 1.835(20)  -S(11) 1.850(19) 
C(2) - C(3) 1.55( 	3) S(11) -C(12) 1.761(20) 
C(3) - 5(4) 1.802(19) C(12) -C(13) 1.56( 	3) 
S(4) - C(5) 1.795(19) C(13) -C(14) 1.50( 	3) 
C(S) - C(6) 1.50( 	3) C(14) -S(1) 1.849(21) 
S(1) - 	 Cu - S(4) 93.69(19)  - C(7) - 5(8) 107.S(13) 
5(1) - 	 Cu - 5(8) 108.78(19) Cu - S(8) - C(7) 100.5( 	6) 
S(1) - 	 Cu -S(11) 133.39(20) Cu - 5(8) - C(9) 99.6( 	6) 
S(4) - 	 Cu - S(8) 105.66(18)  - S(8) - C(9) 100.8( 	8) 
S(4) - 	 Cu -S(11) 119.79(19) S(8) - C(9) -C(10) 117.4(12) 
5(8) - 	 Cu -S(11) 93.25(18) C(9) -C(10) -S(11) 113.3(12) 
.Cu - S(1) - C(2) 97.2( 	6) Cu -S(11) -C(10) 99.3( 	6) 
S(1) - C(2) - C(3) 111.1(13) Cu -S(11) -C(12) 108.4( 	7) 
C(2) - C(3) - S(4) 1I5.1(13) C(10) -S(11) -C(12) 99.8( 	9) 
Cu - S(4) - C(3) 98.6( 	6) S(11) -C(12) -C(13) 115.3(14) 
Cu - S(4) - C(S) 108.5( 	6) C(12)   113.7(17) 
C(3) - S(4) - C(5) 102.4( 	9) C(13) -C(14) -S(1) 108.0(14) 
5(4) - C(S) - C(6) 121.8(14) C(14) -S(P) -C(2 - ) 100.1( 	9) 
C(S) - C(6) - C(7) 111.1(16) 
S(1) - C(2) - C(3) - S(4) -56.2(16) 
 - C(3) - S(4) - C(S) -80.6(15) 
 - S(4) - C(S) - C(6) 91.5(16) 
S(4) - C(S) - C(6) - C(7) 63.8(20) 
C(S) - C(6) - C(7) - S(8) -101.4(16) 
 - C(7) - 5(8) - C(9) 169.3(13) 
 - 5(8) - C(9) -C(10) -75.0(14) 







-C(10) -S(11) -48.3(16) 




-S(1) -C(2') 149.6(14) 
-C(2) -C(3) 	68.6(14) 
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6.2.9 Electrochemical study 
Cyclic voltammetry of [Cu2([28]aneS8)}(PF6)2 at platinum electrodes in 
MeCN (0.1 M Bu4NPF6) shows an irreversible oxidation at Epa = +0.92V 
vs FcIFc+ at a scan rate of 200 mVs 1 The oxidation was confirmed by 
coulometry to be two-electron process, generating a green e.p.r. active 
species. The e.p.r. spectrum recorded (Figure 6.5) is similar to the signal 
obtained for the electrochemically oxidised [Cu2([24]aneS8)] 2  species 
(Figure 6.2). The signal is consistent with a Cu(H) species, however it is 
difficult to fully analyse the spectrum without the assistance of computer 
simulation. 
The electrogeneration can be monitored by UV/Vis spectroscopy (Figure 
6.6). At E = +1.10V vs Fc/Fc the growth of bands at Xmax = 560, 405 nm 
(emax = 3085, 19900 M4cm4) is observed, with an isobestic point at 'iso = 
228 nm. This band collapses to give a featureless spectrum on reduction at 
0 V. This is a chemically and electrochemically irreversible process, 
consistent with decomposition to a mononuclear product. 
6.2.10 Chemical oxidation 
As with the analogous [24]aneS8 complex, [Cu2([28]aneS8)]PF6)2 can be 
chemically oxidised using concentrated mineral acids, producing coloured 
paramagnetic species. The frozen glass e.p.r. spectrum of the red species 
(%max = 513.2, 410.4 nm, Emax = —20,000, —3000 M 1 cm-1 ) generated in 98% 
H2SO4 shows a complicated multiplet which differs in structure from the 
spectra obtained for the yellow HNO3 generated species and the green 
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Figure 6.5: 	X-band frozen glass e.p.r. spectrum of the electrochemical oxidation product 
Of [Cu2U28]aneS8)](PF6)2 
Centre field 3300 C 
MeCN frozen glass at iik 	 Sweep width 2000 C 





Figure 6.6 	Spectroelectrochemical study of [Cu2([28]aneS8)](PF6)2 
ci 
r 
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electrogenerated species, suggesting the incorporation of S04 2 NO3 into 
the chemically oxidised species. 
(Ag2 ((24]aneS8)1(PF&2 
6.2.11 Synthesis 
Reaction of [24]aneS8  with two molar equivalents of AgPF6 in MeNO2 
afforded a white precipitate on the addition of Et20. The white product 
gave f.a.b. mass spectral peaks at M = 840, 694 assigned to 
[1 07Ag2([24] aneS8-H)PF6] + and [1 07Ag2([24] aneS8-2H)1 + respectively. On 
the basis of this evidence and additional data from microanalyses and i.r. 
spectroscopy, the product was assigned as [Ag2([24]aneS8)](PF2. Full 
experimental details are discussed in Section 6.4.5. 
As discussed in Chapters 2-4 various thioether macrocycles are known to 
complex Ag(I) in a range of stereochemistries. The mononuclear complexes 
[Ag([9]aneS3)21 303,304  and [Ag([18]aneS1 120 have been characterised 
structurally and show the Ag(I) bound in octahedral and distorted 
octahedral co-ordinations respectively. Polymeric species are formed on the 
complexation of Ag(I) with [12]aneS4. 106'127'306 The flexibility of the 
stereochemistry adopted by Ag(I) is illustrated by the various structures of 
[Ag([15]aneS5)], depending on the anion used, monomeric, dimeric and 
polymeric structures have been obtained. 106,107  This has already been 
discussed in detail in Chapter 4. 
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Repeated attempts to grow crystals of [Ag2([24]aneS](PF6)2 suitable for 
X-ray crystallography have been unsuccessful. Vapour diffusion and solvent 
layering techniques lead to decomposition or powders. 
The co-ordination of the two Ag(I) centres within the [24]aneS8 macrocycle is 
likely to be tetrahedral, although the cavity may be too small to encapsulate 
two Ag(I) centres; hence polymeric and bridged species are also possible. 
The solubility of the isolated product implied that it was unlikely to be 
polymeric. 
6.2.12 Chemical oxidation 
[Ag2([24]aneS8)1(PF6)2 exhibits no oxidative behaviour up to +1.4V but 
shows a desorption spike at Epc = -1.5V vs Fc/Fc+ in MeCN (0.1 M 
'Bu4NPF6) at a scan rate of 200 mVs 4 at platinum electrodes by cyclic 
voltammetry. However, the complex can be chemically oxidised using 98% 
H2SO4, to form a transient purple species (Xmax  = 576.4 nm) The X-band 
solution e.p.r. spectrum shows an isotropic signal, g0 = 2.207, with 
coupling to a spin 1/2 nuclei, Aj 50 = 27G, consistent with coupling to 
107Ag, 109Ag (I = 1/2) (Figure 6.7). The difference between the hyperfine 
coupling for each isotope of Ag is too small to be observed. On freezing the 
solution to 77K a rhombic signal is recorded (Figure 6.8), gj = 2.060, 92 = 
2.030, 93 = 2.007, consistent with a Ag(II) species. These e.p.r. spectra show 
similar characteristics to other Ag(II)-thioether species. [Ag([9]aneS2] 2 
has been studied by X-band e.p.r. and UV/Vis spectroscopy; 120 the frozen 
glass e.p.r. spectrum gave a rhombic signal with g1 = 2.066, 92 = 2.034, g3 = 
2.012, the electronic absorption spectrum showed at band at X max = 570 nm 
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(emax 8000 M 1 cm 1 ). The analogous Ag(II) complex of [18]aneS6 gave a 
similar rhombic signal with gj = 2.063, 92 = 2.028, g3 = 2.007 and%max= 
564 nm (cm 5000 M 1 cm 1). Ag(I) complexes of [12]aneS4, [14]aneS4, 
[16]aneS4 and [15]aneS5 on chemical oxidation all give transient purple/blue 
Ag(II) species, with comparable e.p.r. spectra- 106  
If [Ag2([24]aneS8)1(PF6)2 remains binuclear in its oxidised form, the Ag(II) 
centres are identical and non-interacting. 
Figure 6.7: 	X-band solution e.p.r. spectrum of [Ag2([24]aneS8)] :PF6)2 in 98% H2SO4 
solution at 293 K 	
Centre field 3500 C 
Sweep width 1000  
9.69 GHz 





Reaction of [28]aneS8 with two molar equivalents of AgPF6 in MeNO2 
afforded a pinky-white precipitate on the addition of Et20. The white 
product gave f.a.b. mass spectral peaks at M+= 749, 645 assigned to 
[1 °7Ag2([28]aneS8-3H)1 + and 11  °7Ag2( [28] aneS&] + respectively. The 
product was formulated as EAg2([28]aneS8)1(PF6)2 on the basis of this 
evidence together with microanalytical and i.r. spectroscopic data. Full 
experimental details are discussed in Section 6.4.6. 
The poor solubility together with the low yield of [Ag2([28]aneS](PF6)2 
prevented successful n.m.r. studies. Numerous attempts to grow single 
crystals of [Ag2([28]aneS](PF6)2 suitable for a X-ray crystallographic study 
were unsuccessful. Solvent layering and vapour diffusion techniques using 
a variety of solvents and counter-ions persistently afforded white powders. 
The co-ordination of the two Ag(I) centres within the [28]aneS8 macrocycle is 
likely to be similar to the analogous [Cu2([28]aneS8)](PF6)2 complex. The 
larger 28-membered ring macrocycle has a sufficiently large cavity to 
encapsulate two Ag(I) centres, making the possibility of a polymeric or 
bridged species less likely than in the smaller 24-membered ring analogue. 
6.2.14 Chemical oxidation 
Cyclic voltammetry of [Ag2([28]aneS8)](PF2 at platinum electrodes in 
MeCN (O.IM Bu4NPF6) shows no oxidation up to +1.4V and a desorption 
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peak at Epc = -1.6V vs Fc/Fc+. However, the complex can be oxidised 
chemically using 98% H2SO4,to form a transient purple species (Xmax = 
536.4 nm). The X-band solution e.p.r. spectrum shows an isotropic signal, 
g150  = 2.023, with hyperfine coupling to a spin 1/2 nuclei, A 50 = 32.4G, 
consistent with a Ag(H) species (Figure 6.9). The X-band frozen glass 
spectrum shows a rhombic signal (Figure 6.10) g1 = 2.059, 92 = 2.034, g3 = 
2.010, the hyperfine coupling to 107Ag and 109Ag is not observed at X-band. 
These spectra are consistent with a Ag(II) oxidised product, and the 
observed g values and hyperfine constants are comparable with those 
recorded for the oxidised product of [Ag2([24]aneS](PF2 and the other 
silver thioether complexes discussed in Section 6.2.12. If the oxidised 
product of [Ag2([28]aneS8)](PF6)2 is a binuclear species, then the Ag(ll) 
centres are non-interacting and are in identical environments. 
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Figure 6.9: 	X-band solution e.p.r. spectrum of EAg2([28]aneS8)](PF6)2  in 98% H2SO4 
Centre field: 3500G 
solution at 293 K 	 Sweep width: 1000G 
g , n 1TJ. 




The binuclear Cu(I) complexes of [24] aneS8 and [28]aneS8 have been 
synthesised and structurally characterised. It has been shown that these 
ligands can encapsulate two Cu(I) ions in tetrahedral geometries within the 
macrocyclic framework. Oxidation of these complexes produces binuclear 
Cu(II) species, which are proposed to incorporate additional ligands such as 
S042  and NO3. The very anodic potentials at which these oxidations occur 
reflect the stabilisation of the Cu(I) state by the it-acidic S-donors and also the 
de-stabilisation of the Cu(II) state by the restrictive co-ordination geometry 
available. 
The analogous binuclear Ag(I) complexes were synthesised and their 
oxidation products studied by e.p.r. and UV/Vis spectroscopy. Transient 
Ag(II) species can be generated in strongly oxidising media. These species 
cannot. be generated electrochemically in organic solvents. 
Previous work has shown that binuclear Pd(II) complexes of these ligands 
can be synthesised. 24 Presumably the Pd(II) centres adopt square planar 
stereochemistries within the ring. The 24- and 28- membered octathia 
macrocyclic ligands can therefore co-ordinate two metal ions in isolated 
tetrahedral or square planar geometries. The possibility of these ligands 
stabilising the redox processes of metal centres in which these geometries 
dominate is now open to examination. The metals in which the d 8 and d10 
configurations are stable forms (e.g. Pt and Au) would be of obvious interest. 
Substrate activation reactions may be feasible with the control of 
four-electron oxidations and reductions between two d 10/d10 and d8/d8 
centres. 
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6,4 EXPERIMENTAL SECTION 
6.4.1 Synthesis of [Cu 2([24]aneS8)(X)2 (X = (BF4, PF61 
To a solution of [24]aneS8 (0.192g, 0.4 mmol), dissolved in refluxing MeCN 
(20 cm3), was added [Cu(NCMe)4](BF4) (0.251 g, 0.8 mmol). The solution 
was refluxed for 2hrs. filtered and the volume reduced to 5 cm 3. Addition of 
Et20 and cooling to -20CC afforded a white precipitate which was 
recrystallised from Me2CO-Et20 to give the desired complex. (Yield 225 mg, 
72%) M.Wt. = 781.5. Found C = 24.7; H = 4.1. Calc. for C16H32Cu2S8B2F8: 
C = 24.6; H = 4.1%. I.r. spectrum (KBr disc): 2980, 2920, 1425, 1410, 1285, 
1255, 1200w, 1170w, 1050br, 920w, 910w, 89w, 850w, 820, 770, 680, 620w, 520, 
455 and 415 cm-1 . 	F.a.b. mass spectrum (3-NOBA matrix): 
Found M = 694, 606. Calc. for 	[63Cu2([24]aneS8-H)BF4]: M = 694; 
[63Cu2([24]aneS8)-2H] +: M = 606, with correct isotopic distributions. 1H 
n.m.r. spectrum (CD3CN, 298 K, 80.13 MHz): S = 2.93 - 2.13 ppm (32H). 
The complex [Cu2([24]aneS8)](PF6)2 was prepared in 72% yield by the same 
method by using [Cu(NCMe)4]PF6 as a starting material. (Yield 280 mg, 
78%) M.Wt. = 987.5. Found: C = 21.2; H = 3.6. Caic. for 
C16H32Cu2S8P2F12: C = 21.4; H = 3.6%. I.r. spectrum (KBr disc): 2980, 2920, 
1420, 1395, 1320, 1290, 1255, 1210, 1170,1150, 1130, 1120, 1080, 1050, 920, 840, 
740w, 680, 660w, 630, 610w, 560 and 455 cm-1 . F.a.b. mass spectrum 
(3-NOBA matrix): Found: M = 753, 607, Calc. for [ 63Cu2([24]aneS8)PF6]: 
M = 753; [63Cu2([24]aneS8-H)]: M = 607, with correct isotopic 
distributions. 1H n.m.r spectrum (CD3CN, 298 K, 200.13 MHz): S = 
2.93 - 2.97 ppm (32H). 13C n.m.r. spectrum (CD3CN, 298 K, 50.32 MHz): 5 = 
32.54 ppm (CH2). 
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6.4.2 Single crystal structure determination of [Cu2([24]aneS8)](BF4)2 
A colourless plate (0.85 x 0.36 x 0.035 mm) suitable for X-ray analysis was 
obtained by vapour diffusion of Et20 into a solution of the complex in 
MeCN. 
Crystal data: 
[C16H32S8Cu2]2 .2(BF4), M = 781.5, monoclinic, space group P21/n, a = 
6.480(6), b = 20.040(l 1), c = 11.327(6)A, 13 = 91.84(5) °, LI = 1470A3 [from 20 
values of 22 reflections measured at ± o (24< 20 <26°, A = 0.71073A)] Z = 2, 
Dc  = 1.765 gcm 3, T = 298 K, j.t 2.014 mm-1 , F (000) = 792. 
Data collection and processing: 
Stoë STADI- four circle diffractometer, graphite-monochromated MoKa 
X-radiation, T = 298 K, 0) -20 scans using the learnt-profile method 307, 2231 
data measured (20 max 45°, h - 6-) , 6, k 0-21, 1 0-+12, giving 1468 with F 
> 4a(1:) for use in all calculations. No significant crystal decay was observed. 
Structure solution and refinement: 
A Patterson synthesis located the Cu atom and iterative cycles of 
least-squares refinement and difference Fourier synthesis located the 
remaining non-hydrogen atoms. At isotropic convergence, corrections (mm 
0.750, max. 1.615) for absorption were applied using DIFABS. 308 Disorder in 
the BF4 counter-anion was modelled by two fully-occupied and four 
half-occupied fluorine atoms. Refinement (by least-squares on F309) with 
anisotropic thermal parameters, for all ordered non-hydrogen atoms and 
with hydrogen atoms in fixed, calculated positions converged at at R, Rw = 
0.0652, 0.0827, respectively, S = 1.141 for 157 refined parameters, and the 
final AF synthesis showed no feature above 0.79ek 3. The weighting scheme, 
= 02 (F) + 0.000264 F2, gave satisfactory agreement analyses and in the 
final cycle ('/ (Y)max was 0.072. 
6.4.3 Synthesis of ECu2([28]aneS8)](X)2 (X = (C104,PF61 
To a solution of [28]aneS8 (0.215 g, 0. 1 4 mmol) dissolved in refluxing MeCN 
(25 cm3) was added [Cu(NCMe)41C104 (0.261 g, 0.8 mmol). The solution 
was refluxed for 2hrs, filtered and the volume reduced to 5 cm 3. Addition of 
Et20 and cooling to -20 'C afforded a white precipitate which was 
recrystallized from Me2CO-Et20 to give the desired complex (Yield 276 mg, 
80%) M.Wt. = 863.05. Found: C = 275: H = 4.6% Caic. for 
C20H40Cu2S8C1208: C = 27.4; H = 4.7%. I.r. spectrum (KBr disc): 2960, 
2920, 2850, 1440, 1405, 1340w, 1300w, 1255, 1240, 1140, 1090, 940w, 920, 910, 
850, 840, 805w, 635 and 625 cm-1 . F.a.b. mass spectrum (3-NOBA matrix): 
Found: M = 763, 663. Caic. for [ 63Cu([28]aneS8) 35C10411 : M = 763; 
[63Cu([28]aneS8-H)]: M = 663, with correct isotopic distributions. 1H 
n.m.r. spectrum (CD3CN, 298 K, 200.13 MHz); 5 = 2.72 - .97 ppm (281-0. 13C 
n.m.r. spectrum (CD3CN, 298 K. 50.32 MHz): S = 33.14, 31.23, 26.10 ppm 
(CH2). (CD3CN, 238 K, 50.32 MHz); S = 34.27, 32.69, 32.08, 31.92, 30.35, 21.90 
ppm (CH2). 
The complex [Cu2([28]aneS8)](PF6)2  can be prepared by the same method 
using [Cu(NCMe)4]PF6 as a starting material. (Yield 313 mg, 82%) M.Wt. = 
954.05. Found: C = 25.2; H = 4.2% Calc. for C20H40Cu2S8P2F12; C = 25.2; 
H = 4.3%. I.r. spectrum (KBr disc): 2980, 2920, 1440, 1430, 1420, 1410, 1340w, 
1300, 1290, 1255, 1245, 1210w, 1140, 1130, 1020, 935, 840, 740, 660 and 555 
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cm-1 . F.a.b. mass spectrum (3-NOBA matrix): Found: M = 809, 663, Caic. 
for [63Cu2([28]aneS8)PF6J: M = 809; [ 63Cu2([28]aneS8-H)]: M = 663, 
with correct isotopic distributions. 1H n.m.r. spectrum (CD3CN, 298K, 
200.13 MHz): 8 = 2.75-3.10 ppm (28H). 13C n.m.r. spectrum (CD3CN, 298 K. 
50.32 MHz): 8 = 33.60,31.50,25-56 ppm (CH2). 
6.4.4 Single crystal structure determination of [Cu2([28]aneS8)](C104)2 
A pale yellow needle (0.47 x 0.05 x 0.05 mm) suitable for X-ray analysis was 
obtained by vapour diffusion of Et20 into a solution of the complex in 
MeCN. 
Crystal data: 
[C20H40S8Cu2] 2t2(C104), M = 863.0, monoclinic, space group P21/n, a = 
6.999(7), b = 20.000(21), c = 11.780(7)A, 3 = 102.37(7)°, U = 1611A 3 [from 
setting angles of 10 reflections with 20 = 20-22°, X = 0.71073A] Z = 2, D = 
1.779 gcm 3, T = 173 K, j.i. = 2.032 mm -1 , F(000) = 888. 
Data collection and processing: 
Stoë STADI four circle diffractometer, graphite-monochromated MoKa 
X-radiation, T = 173 K, w-20 scans using the learnt-profile method 307, 2727 
data measured (20 max 45°, h -7-*7, k 0-21, 1 0-12, 1799 unique (Rt = 
0.071), giving 1039 with F > 4a(F) for use in all calculations. Linear isotropic 
crystal decay (ca. 21%) corrected for during data reduction, no absorption 
correction. 
Structure solution and refinement: 
A Patterson synthesis located the Cu atom and iterative cycles of 
least-squares refinement and difference Fourier synthesis located the 
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remaining non-hydrogen atoms: these were then refined (by least-squares on - 
F309) with anisotropic thermal parameters for all non-hydrogen atoms and 
with hydrogen atoms in fixed, calculated positions. At final convergence R, 
Rw  = 0.0656, 0.0784, respectively, S = 0.947 for 182 refined parameters, and 
the final AF synthesis showed no feature above 0.74ek 3. An isotropic 
extinction parameter refined to 6(4) x 10-8.  The weighting scheme w 1 = 
+ 0.0007F2 gave satisfactory agreement analyses and in the final cycle 
was 0.11. 
6.4.5 Synthesis of EAg2([24]aneS8)](PF6)2 
Reaction of AgPF6 (30 mg, 0.117 mmol) with [24]aneS8 (27 mg, 0.056 mmol) 
in MeNO2 (5 cm3) for 24hrs. under N2, in the dark yields a colourless 
solution. Filtration into Et20 (20 cm 3) to and cooling to -20°C afforded a 
white precipitate which was filtered and washed with CH2C12 and Et20 to 
give the desired complex. (Yield 32 mg, 58%). M.Wt. = 986.61. Elemental 
analyses: found C = 19.7, H = 3.32% . Calc. for C16H32S8Ag2P2F12: C = 
19.5, H = 3.27%. I.r. spectrum (KBr disc): 2960, 2900, 1550, 1420, 1300w, 
1260, 1200, 1140, 840-820, 740W, 560' and 435 cm. F.a.b. mass spectrum 
(3-NOBA matrix) : found M+ 840, 714, 694, 588. Calc. for 
[107Ag2([24]aneS8-H)PF61: M = 840; [ 107Ag2([24]aneS8)H20]: M = 714; 
[107Ag2([24]aneS8-2H)]: M = 694, [107Ag2([24]aneS8-H)1: M = 588, 
with correct isotopic distributions. 
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6.4.6 Synthesis of [Ag2([28]aneS8)] (PF6)2 
Method as for 6.4.5, using AgPF6 (30 mg, 0.117 mol) with [28]aneS8 (30 mg, 
0.056 mmol). The product was isolated as a white solid. (Yield 37 mg, 63%). 
M.Wt. = 1042.71. Elemental analyses: found C = 23.0, H = 3.92, S = 24.7%. 
Caic. for C20H40S8Ag2P2F12: C = 23.0, H = 3.87, S = 24.6%. I.r .  spectrum 
(KBr disc): 2915, 1560, 1450, 1435, 1410, 1405, 1375w, 1310, 1295w, 1285, 1265, 
1250, 1205w, 1190, 1160, 1155, 1120w, 1050w, 1030, 950w, 840-820, 750, 720w, 
640, 625w, 615w, 560 and 435 cm* F.a.b. mass spectrum (3-NOBA matrix): 
found M = 749, 645. Calc. for [ 107Ag2([28]aneS8-31-1)]: M = 749; 
[107Ag2([28]aneS8)} ; M = 645, with correct isotopic distribution. 
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CHAPTER 7 
Gold complexes of tetrathia 
and octathia macrocycles 
7.1 INTRODUCTION 
The affinity of Cu(I) and Ag(I) for 'soft' S-donors has been exploited in the 
synthesis of copper and silver thioether macrocydlic complexes. 26 The 
biological relevance of copper thioether macrocyclic systems has been 
discussed in Chapter 6, The copper complexes of the tetrathia ligands 
having been studied extensively by Rorabacher and co-
workers. 108,110,292 -298 The structure of [Cu([14]aneS4)] shows 
tetrahedral co-ordination at Cu(I) with the metal ion bound to three S-donors 
of one [14]aneS4. Cu - S = 2.260(4), 2.327(4), 2.338(4)A and to one S-donor of 
a second ligand, Cu - S = 2.342(3)A producing a polymeric chain 295'334 (1). 
The structure of the Cu(H) complex of [141aneS4 shows that the octahedral 
co-ordination at Cu(II) is completed by the co-ordinating C104 ions. 
[14]aneS4 is bound equationally through four S-donors, Cu - S = 2.297(1), 
2.308(1)A with the C104 ions are bound apically through 0-donors, Cu -0= 
2.652(4)A.299  Monomeric Cu(I) and Cu(II) complexes of [16]aneS4 have 
been prepared. 106,300  The dimeric species [Cu2Cl4([16]aneS4)] was isolated 
from the reaction of CuC12 with [16]aneS4. 300 
(1) [Cu([14]aneS4)1t part of polymer 
The extraction of Cu(II), Cu(I) and Ag(I) by [14]aneS4 and related tetrathia 
ligands has been described. 26'126 Both [Ag([14]aneS4)] and 
[Ag2([14]aneS4)] 2  have been isolated, along with Ag(I) complexes of 
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[12]aneS4 and [16]aneS4. 106'127'335 The structures of these species are 
unknown although their solubility suggests polymeric structure. 
The initial aim of the work discussed in this Chapter was to synthesise gold 
complexes of the tetrathia ligands, [16]aneS4, [14IaneS4 and E121aneS4. The 
synthesis of binuclear copper and silver complexes of [24]aneS8 and 
[28]aneS8 has been described in Chapter 6, and it was therefore decided to 
extend these aims also to the synthesis and characterisation of binuclear gold 
complexes of the octathia ligands. 
7.2 RESULTS AND DISCUSSION 
7.2.1 Synthesis and characterisation of [Au([16]aneS4)1(PF6) 
Reaction of [16]aneS4 with one molar equivalent of [Au(tht)21(PF6)  in MeCN 
afforded a white suspension on the addition of Et20. The product was 
collected by centrifugation. The white solid shows a f.a.b. mass spectral 
peak at M = 493, assigned to [ 197Au([16]aneS4)1. On the basis of this 
evidence together with microanalytical and i.r. spectroscopic data the 
product was assigned as [Au([16]aneS4)](PF6). Full experimental details are 
given in Section 7.4.1. This product is sparingly soluble in MeCN and 
MeNO2, insoluble in Me2CO, MeOH, EtOH and CH2C12. 
Repeated attempts to obtain single crystals of [Au([16]aneS4)](PF6)  suitable 
for an X-ray structure determination were unsuccessful. Vapour diffusion of 
Et20 into MeNO2 or MeCN solutions of the complex, yielded white 
powders and metallic gold respectively. 
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7.2.2 Electrochemical and e.p.r. studies [Au([16]aneS4)1(PF6) 
Cyclic voltammetry of [Au([16]aneS4)](PF6) at platinum electrodes in MeCN 
(0.IM 'Bu4NPF6) shows a broad chemically reversible oxidation at E 
+0.14 V (EE = 190mV) vs Fc/Fc at a scan rate of 80 mVs (Figure 7.1). 
Coulometric measurements confirmed that the oxidation was a two-electron 
process. 
Figure 7.1: 	Cyclic voltammogram of [Au([16]aneS4)J(PF6) 
Current 
-034 	 1otentia1 vs Fc/Fc) 	 +0.46V 
Electrogeneration of the oxidation product at +0.50 V (vs Fc/Fci affords a 
pale yellow, e.p.r. silent species, consistent with the two-electron oxidation 
being metal-based producing a Au(IH) species. During the oxidation to 
Au(Ill) a transient paramagnetic, orange species can be detected. The 
frozen glass e.p.r. spectrum recorded for the orange species shows a 
complicated multiplet (g 2.040) (Figure 7.2). The oxidation of 
[Au([16]aneS4)1 to [Au([16]aneS4)] 3  therefore appears to proceed via a 
Au(II) intermediate; Assignment of the e.p.r. spectrum is difficult without 
signal analysis and computer simulation. 
If [Au([16]aneS4)] is monomeric in solution, it is likely that the d 1 ° Au(I) ion 
is bound in a distorted tetrahedral manner. Co-ordination of square planar 
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d8 ions can be attained by [161aneS4 (e.g. [Pd([16]aneS4)] 2 ). The 
stabilisation of Au(III) by [16]aneS4 would suggest the ligand cavity size is 
sufficiently large to accommodate a square planar Au(III) centre. The 
transient d9  Au(II) species may also be square planar, but it is conceivable 
that the d9  centre would prefer a distorted octahedral co-ordination sphere. 
Extra ligation would be required to satisfy the six co-ordinate Au(H) centre. 
The uptake of solvent molecules in the vacant sites would achieve this, either 















Binding of NCMe to the Au(II) centre would present the unpaired electron 
an additional coupling to 14N (I = 1), complicating the e.p.r. spectrum. 
Electrogeneration of the Au(II) intermediate in different solvents would help 














Figure 7.2: 	X-band frozen glass e.p.r. spectrum of the transient intermediate detected 
on the oxidation of [Au([16]aneS4)](PF6) 
MeCN frozen glass at 77K 
(0.IM 'Bu4NPF6) 
Centre field 3300 C 
Sweep width 1000 C 
Figure 7.3: 	Spectroelectrochemical study of [Au([16]aneS4)](PF6) 
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7.2.3 Spectroelectrochemical study of [Au([16]aneS4)] (PF6) 
The electrogeneration of redox products can be monitored by UV/Vis 
spectroscopy using the O.T.E. technique. The spectroelectrochemical study 
of [Au([16]aneS4)I(PF6) in MeCN at 253K shows the conversion of the Au(I) 
species to the Au(III) species, Xmax = nm (emax = 23380 M 1 cm 1) via a 
transient intermediate (?ax = 400 nm) at an applied potential of +0.53V 
(vs Fc/Fc). The reduction of Au(III) back to Au(I) involves the same 
intermediate species, and is chemically reversible (Figure 7.3). 
7.2.4 Gold complexes of [121aneS 4 and [141aneS4 
The reaction of [Au(tht)2](PF6) with one molar equivalent of [14]aneS4 in 
MeCN afforded an insoluble grey solid. The product shows a .f.a.b. mass 
spectral peak at M = 465 assigned to [ 197Au([14]aneS4)1. The 
insolubility of the complex prevented further re-crystallisation and also 
suggested a polymeric structure for the complex. The analogous reaction 
using [12]aneS4 resulted in an insoluble grey solid, which decomposed in the 
solid-state. 
From these results it was concluded that the ligand cavity sizes of [14]aneS4 
and [12]aneS4 are probably too small to accommodate the stereochemical 
preferences of the relatively Au(I) centre. 
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7.2.5 Synthesis and characterisation of [Au 2([28]aneS8)](PF6)2 
Reaction of [28IaneS8 with two molar equivalents of [Au(tht)2](PF6) in 
MeNO2 afforded a white precipitate on the addition of ice-cold Et20. The 
product shows f.a.b. mass spectral peaks of M = 1075, 929, 733 assigned to 
[1 97Au2([28] aneS8)PF6] +, [1 97Au2([28] aneS8-H)] + and [ 197Au([28]aneS8)1 + 
respectively. On the basis of this evidence together with microanalytical 
and i.r. spectroscopic data, the product was assigned as 
[Au2([28]aneS8)](PF6)2. Full experimental details are given in Section 7.4.2 
To establish the connectivity and stereochemistry at the Au(I) centres, a 
single crystal X-ray structure determination was carried out. 
7.2.6 Structure determination of [Au2([28]aneS8)](PF6)2 
A single crystal X-ray structure determination of [Au2([28]aneS8)](PF6)2 
confirmed the compound to be a genuine binuclear Au(I) complex 
(Figure 7.4). The two encapsulated Au(I) centres are related by a 
crystallographic inversion centre and are each co-ordinated to two S-donors, 
Au - S(1) = 2.3301(10) Au - S(11) = 2.3378(18)A, with two additional longer 
interactions, Au. ... S(4) = 2.7891(20), Au ... S(8) = 2.7629(20)A conferring a 
[2+2] distorted tetrahedral geometry on the metal ion. The co-ordination at 
Au(I) is comparable to that observed for Cu(l) in the analogous 
[Cu2([28]aneS8)] 2  cation, the main difference is the angle at 5(1) - M - S(11). 
The preference of Au(I) for linear co-ordination is reflected in the opening up 
of this angle to 155.58(6)0 from 133.39(20)0 in the copper cation. The 
exaggered distorted tetrahedral geometry for the Au(I) complex pushes the 
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Au(I) centres closer together, 5.6977(6)A in comparison to 6.454(3)A between 
the two Cu(I) centres. Full details of the solution and refinement of the 
structure are given in Section 7.4.3. Selected bonds, angles and torsions for 
this structure are given in Table 7.1. 
Interestingly, the [2+2] distorted tetrahedral stereochemistry at Au(I) in 
[Au2([28]aneS8)](PF6)2 is very similar to that observed for Au(I) when 
bound to other thioether ligands e.g. [9]aneS3, [18]aneS6, [15]aneS5, (see 
Table 4.1). 
7.2.7 N.m.r studies 
The 1 H n.m.r. spectrum of [Au2([28]aneS8)](PF6)2 at 298 K in CD3CN shows 
a broad resonances at 8 = 2.82 - 3.15 ppm assigned to the macrocyclic 
protons. The 13C (DEPT) n.m.r. spectrum shows two broad resonances at 
= 25.92 - 27.07 ppm and 30.86 - 32.94 ppm. These spectra indicate that the 
species is undergoing a fluxionality process; lowering the temperature to 
215 K this process is minimised. The 1 H n.m.r. spectrum of the complex at 
215 K shows four complicated resonances at 6 = 2.44, 2.66, 2.88 and 3.30 - 
4.28 ppm; the 13C n.m.r. spectrum shows six resonances at 6 = 22.61, 25.34, 
27.20, 28.14, 32.47 and 32.85 ppm (Figure 7.5) assigned to six unique carbon 
resonances. This is consistent with each Au(I) centre being bound in a 
distorted tetrahedral co-ordination, similar to the solid-state structure 
determined by X-ray crystallography (Section 7.2.6). 
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Figure 7.4: Single crystal X-ray structure of [Au2([28]aneS8)] 
Table 7.1: Selected bonds, angles and torsions for [Au2([28]aneS8)] 2 
Au 	- S(1) 2.3301(19) C(7) - S(8) 1.809( 7) 
Au 	- S(4) 2.7891(20) S(8) - C(9) 1.804( 7) 
Au 	- S(8) 2.7629(20)  -C(10) 1.528(10) 
Au 	-S(11) 2.3378(18)  -S(11) 1.818( 7) 
S(1) 	- C(2) 1.807( 	8) 3(11) -C(12) 1.821( 7) 
C(2) 	- C(3) 1.517(11) C(12) -C(13) 1.521(10) 
C(3) 	- S(4) 1.813( 	8) C(13) -C(14) 1.537(11) 
S(4) 	- C(S) 1.814( 	8) C(14) -S(15) 1.826( 8) 
C(5) 	- C(6) 1.505(11) S(15) -C(16) 1.806( 8) 
-  1.537(11) 
S(1) - 	Au - S(4) 86.24( 	6) C(S) 	- C(6) 	- C(7) 114.6( 7) 
S(1) - 	Au - S(8) 108.14( 	6) C(6) - C(7) 	- S(8) 110.5( 5) 
S(1) - 	Au -S(11) 155.58( 	6) Au S(8) 	- C(7) 99.76(24) 
S(4) 	- 	Au S(8) 91.88( 	6) Au 	- S(8) 	- C(9) 95.88(24) 
S(4) - 	Au -S(11) 113.93( 	6) C(7) S(8) 	- C(9) 101.6( 3) 
S(8) - 	Au -S(11) 85.77( 	6) S(8) - C(9) 	-C(10) 116.7( 5) 
Au 	- S(1) - C(2) 104.5( 	3) C(9) 	-C(10) 	-S(11) 115.4( 5) 
S(1) 	- C(2) - C(3) 115.0( 	6) Au 	-S(11) 	-C(12) 104.10(24) 
C(2) 	- C(3) - S(4) 117.5( 	6) C(10) -S(11) 	-C(12) 103.9('3) 
Au 	- S(4) - C(3) 93.3( 	3) S(11) -C(12) 	-C(13) 112.8( 5) 
Au 	- S(4) - C(S) 114.0( 	3) C(12) 	C(13) 	C(14) 112.0( 6) 
C(3) 	- S(4) - C(5) 103.0( 	4) -C(14) 	-S(15) 109.1( 5) 
S(4) 	- C(S) - C(6) 117.1( 	6) -S(15) 	-C(16) 102.8( 4) 
S(1) - C(2) - C(3) - S(4) 60.1( 7) S(8) - C(9) -C(0) -S(11) 57.2(  
C(2) - C(3) - S(4) - C(5) 77.8( 6) C(9) -C(10) -S(11) -C(12) 63.3( 6) 
C(3) - S(4) - C(5) - C(6) -95.1( 6) C(10) -S(11) -C(12) -C(13) 65.8( 6) 
S(4) - C(S) - C(6) - C(7) -63.5( 8) S(11) -C(12)   166.7( 5) 
C(S) - C(6) - C(7) - S(8) 114.3( 6) C(12) -C(13) -C(14) -S(15) -71.2( 7) 
C(6) - C(7) - S(8) - C(9) -167.8( 5) C(13) -C(14) -S(IS) -C(16) -157.3( 5) 
C(7) - S(8) - C(9) -C(10) 67.9( 6) C(14) 
-S(15) -C(16) -C(17) -73.8(  
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Figure 7.5: 	13C n.rn.r. spectrum of (Au 2 (281aneS8)1(PF6)2 
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7.2.8 Electrochemical and e.p.r. studies of [Au2([28]aneS8)](PF6)2 
Cyclic voltammetry of [Au2([28]aneS8)](PF6)2 at platinum electrodes in 
MeCN (0.IM nBu4NPF6) shows a broad chemically reversible oxidation at 
E,/= +0.55V (1E = 230mV) vs Fc/Fc at a scan rate of 140 mVs 
(Figure 7.6). Coulometric measurements confirmed this process to be a 
four-electron transfer step. 




ruteiiui .Vb 1C1 1C 
Electrogeneration of [Au2([28]aneS8)](PF6)2 at +1.OV (vs Fc/Fc) affords a 
pale yellow, e.p.r. silent species, consistent with the production of a 
binuclear Au(III) species. During the oxidation of the colourless Au(I) 
complex to the pale yellow Au(III) product a transient, paramagnetic canary 
yellow species is formed. The frozen glass e.p.r. spectrum recorded for the 
intermediate species shows a complicated multiplet (g 2.019) 
(Figure 7.7). The oxidation is chemically reversible, confirming that the 
oxidised product is binuclear. The return reduction to [Au2([28]aneS8)] 2 
involves the same intermediate. Assuming that the four-electron oxidation is 
predominantly metal-based, various paramagnetic intermediates may be 
formed. 
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In Scheme (1) species (b) and (e) would be e.p.r. active, while species (c) may 
be e.p.r. active, if the d 9  centres are not completely spin-coupled. 
, Au(II)Au(II) 
_____ 	 (C) 	 ____ 
Au(I)Au(I) - Au(I)Au(II) 	 Au(II)Au(III)_- Au(III)A(III) 
(a) 	 (b) 	'N.Au(I)Au(III) ,-' 	(e) 	 (f) 
(d) 
The oxidation of [Au2([28]aneS8)] 2  to [Au2([28]aneS8)1 6  probably 
involves transient Au(II) centres. Unfortunately assignment of the e.p.r. 
spectrum recorded for the canary yellow intermediate was not possible. The 
signal may be due to a mixture of intermediates. The signal observed for the 
paramagnetic [Au2([28]aneS8)] (n = 3 - 5) species is similar to the e.p.r. 
spectrum recorded for [Au([16]aneS4)] 2  (Figure 7.2) however, the signal 
line intensities differ. 
7.2.9 Spectroelectrochemical study of [Au2([28]aneS8)1 (PF6)2 
The four-electron oxidation of [Au2([28]aneS8)](PF6)2 was monitored by 
UV/Vis spectroscopy. The in situ electrogeneration of 
[Au2([28]aneS8)](PF6)2 was carried out in MeCN (0.1 M ItBU4NPF6) at 253K. 
The study shows the conversion of [Au2([281aneS8)] 2  (Xmax  = 238 ran 
(Emax = 17500 M*m) to [Au2([28]aneS8)16  (Xmax  = 324 nm 
(Cmax = 26750 M'cm), 245 (14770)) at +1.OV (vs Fc/Fc) (Figure 7.8). The 
oxidation proceeds through an intermediate species, confirmed by the 
presence of the overlapping band at X max = 400 nm. This process is 
chemically reversible with the starting material being re-generated on re-
reduction at +0.1V. 
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Figure 7.7: X-band frozen glass e.p.r. spectrum of the transient intermediate detected 
on the oxidation of [Au2([28]aneS8)1(PF6)2 
MeCN frozen glass at 77K 	 Centre field 	3300G 
Figure 7.8: Spectroelectrochemical study of [Au2([28]aneS8)J(PF6)2 
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7.2.10 Gold complexes of [24]aneS8 
The reaction of [241aneS8 with two molar equivalents of [Au(tht)21(PF6) in 
MeNO2 afforded a white precipitate on the addition of Et20. The product 
shows f.a.b. mass spectral peaks at M = 1019, 873, 677 assigned to 
[ 197Au2([24]aneS8)PF6] +, [ 97Au([24] aneS8-H)] + and [1 97Au([24]aneS&] + 
respectively. On this basis together microanalytical and i.r. spectroscopic 
data, the product was assigned as [Au2([24]aneS8)1(PF6)2. Full experimental 
details are given in Section 7.4.4. 
The complex is unstable both in solution and in the solid-state, making 
further characterisation difficult. Attempts to grow suitable single crystals 
for an X-ray structure determination resulted in decomposition of the 
complex to colloidal gold. Due to this instability, a pure sample of 
[Au2([24]aneS8)](PF6)2 for electrochemical studies was not obtained. These 
results suggest that the Au(I) centres are bound in very strained 
stereochemis tries by [24]aneS8 in comparison to the unstrained co-ordination 
at Au(l) in the stable [28]aneS8 analogue. This is a function of the smaller 
ring size of [24]aneS8 in comparison to [28]aneS8. The smaller cavity size of 




Au(I) complexes of [16]aneS4 and [28IaneS8 have been isolated. The stability 
of [Au([16]aneS4)] and [Au2([28]aneS8)I 2  in comparison to their smaller 
ring analogues, [Au([14]aneS4)] and  [Au2([24]aneS8)]2  respectively, 
illustrates the importance of metal ion/ligand cavity compatibility. 
[Au([16]aneS4)1 can be oxidised to [Au([16]aneS4)] 3  via a transient 
[Au([16]aneS4)] 2  species which has been confirmed by e.p.r. and electronic 
absorption spectroscopy. [A u2([28] aneS8)1 2+ undergoes a four-electron 
oxidation to [Au2([28]aneS6)] 6 . This process also proceeds via a 
paramagnetic intermediate. The similarity of the e.p.r. and electronic 
absorption spectroscopic data for the intermediates [Au([16]aneS4)] and 
[Au2([28]aneS8)]' (n = 3 - 5),s uggests  that their nature and structure are 
alike, and therefore probably both contain isolated uncoupled Au(H) centres. 
The d9 centres in the intermediates may require additional stabilising 
ligation to complete the preferred distorted octahedral stereochemistries. 
The relative fit of Au(II) with respect to the macrocyclic ligand conformation 
will determine the isomer form of such species. 
[28]aneS8 can encapsulate two Au(I) centres in [2+21 distorted tetrahedral 
geometries. The complex undergoes a four-electron oxidation, to 
presumably, a binuclear Au(HI) species. Related work in Edinburgh 24 has 
shown that [28]aneS8 can co-ordinate two d 8 Pd(II) or Pt(H) centres, 
probably in square planar geometries. Therefore, the encapsulation of two 
square planar Au(HI) centres within the S8- donor macrocyclic framework 
appears feasible. 
187 
7.4 EXPERIMENTAL SECTION 
7.4.1 Synthesis of [Au([16]aneS4)](PF6) 
Reaction of [16]aneS4 (30 mg, 0.101 mol) with [Au(tht)2]PF6 (52 mg, 0.101 
mmol). in stirring MeCN (5 cm3) for lhrs., in the dark gives a colourless 
solution. Filtration into ice-cold Et20 (30 cm 3) afforded a white precipitate 
on cooling to -20°C. The product was collected by centrifugation, washed 
with Et20 and CH2C12, yielding a white solid. Dried in vacuo, stored at 
-20°C. (Yield 47 mg, 73%). M.Wt. 638.51. Elemental analyses: found 
C = 22.3, H = 3.72, S = 19.8%. Caic. for C 20H40S4AuPF6: C = 22.6, H = 3.79, 
S = 20.1%. I.r. spectrum (KBr disc): 2930, 2920, 2895, 2850, 1440, 1420, 1345, 
1295, 1260, 1195, 1140w, 1050, 1025w, 1010, 1000w, 980w, 920w, 875, 850-830, 
780w, 770, 730, 710, 685w and 560 cm -1 . F.a.b. mass spectrum (3-NOBA 
matrix) : found M = 493. Calc. for [ 197Au([16]aneS4)1: M = 493, with 
correct isotopic distribution. 
7.4.2 Synthesis of [Au2([28]aneS8)](PF6)2 
Reaction of [28IaneS8 (40 mg, 0.075 mmol) with [Au(tht)2]PF6 (83 mg, 0.160 
mmol) in stirring MeNO2 (10 cm 3) for 3 h., in the dark gives a colourless 
solution, which was then reduced in volume (3 cm 3) in vacuo. Filtration into 
ice-cold Et20 (30 cm3) afforded a white precipitate on cooling to -20°C. The 
product was filtered, washed with Et20 and CH2C12, yielding a white 
microcrystalline solid. Dried in vacuo, stored at -20°C. (Yield 82mg, 75%). 
M.Wt. = 1220.76. Elemental analyses: found C = 19.7, H =3.26, S = 19.6%. 
Caic. for C20H40S8Au2P2F12: C = 19.7, H = 3.30, S = 21.0%. I.r. spectrum 
(KBr disc): 2910, 2860, 1550, 1440, 1420, 1340w, 1300, 1260, 1250, 1240, 1200, 
1140, 1040, 920, 860-840, 740, 650 and 555 cm'. F.a.b. mass spectrum 
(3-NOBA matrix) : found M = 1075, 929, 733. Caic. for 
[197Au2([28]aneS8)PF6]: M = 1075; ' [197Au2([28]aneS8-H)]: M= 929; 
[ 197Au([28]aneS8)1: M = 733, with correct isotopic distribution. 'H n.m.r. 
spectrum (CD3CN, 298 K, 200.13 MHz) : 6 = 2.82-3.15 ppm, (CD3CN, 215 K, 
200.13 MHz): 8 = 2.44b, 2.66b, 2.88b, 3.30 - 4.28 ppm. 13C (DEPT) n.m.r. 
(CD3CN, 298K, 50.32 MHz): 6= 25.92 - 32.94 ppm, 13C n.m.r. (CD3CN, 
215 K, 50.52 MHz) : 6 = 22.61, 25.34, 27.20, 28.14, 32.47, 32.85 ppm. 
7.4.3 Single crystal structure determination of [Au2([28]aneS8)](PF6)2 
A colourless lath (0.69 x 0.12 x 0.04 mm) suitable for X-ray analysis was 
obtained by vapour diffusion of Et20 into a solution of the complex in 
MeNO2. 
Crystal data: 
[C20H40S8Au2] 2t2(PF6), M.Wt. = 1220.76, monoclinic, space group P21 In, 
a = 6.6156(14), b = 19.836(5), c = 13.190(6)A, 0 = 97.728(24) °, LI = 1715A3 
[from 20 of 38 with reflections 20 = 27-28°, ? = 0.71073A] Z = 2, 
Dc = 2.363 gcm 3, T = 173 K, .t = 9.171 mm-1 , F(000) = 1168. 
Data collection and processing: 
Stoë STADI-4 four circle diffractometer, graphite-monochromated MoKa 
X-radiation, T = 173 K, o>-20 scans using the learnt-profile method 307, 3166 
data measured (20 max 45°, h -7-1-7, k 0-21, 1 0-44, 2166 unique 
(Rint = 0.0156), giving 1912 with F > 6a(F) for use in all calculations. Initial 
absorption correction was made using '4! scans (maximum transmission 
RMO 
factor = 0.1880, minimum = 0.0743). Linear isotropic crystal decay (ca. 4%) 
corrected for during data reduction. 
Structure solution and refinement: 
A Patterson synthesis located the Au atom and iterative cycles of 
least-squares refinement and difference Fourier synthesis located the 
remaining non-hydrogen atoms. At isotropic convergence, corrections (mm. 
0.823, max. 1145) for absorption were applied using DIFABS. 308 Refinement 
(by least-squares on F309) with isotropic thermal parameters for all ordered 
non-hydrogen atoms and with hydrogen atoms in fixed, calculated positions 
converged at R, Rw = 0.0288, 0.0336, respectively, S = 0.997 for 200 refined 
parameters, and the final AF synthesis showed no feature above 1.08ek 3. 
The weighting scheme, w = 2(F) + 0.000059F2, gave satisfactory 
agreement analyses and in the final cycle (/ max was 0.083. 
7.4.4 Synthesis of [Au 2([24]aneS8)](PF6)2 
Reaction of [24]aneS8 (40 mg, 0.083 mmol) with [Au(tht)2]PF6 (90 mg, 
0.174 mmol) in stirring MeCN (10 cm3) for 3 hrs., in the dark gives a 
colourless solution, which was then reduced in volume (5 cm3) in vacuo. 
Filtration into ice-cold Et20 (30 cm 3) afforded a white precipitate on cooling 
to -20°C. (Yield 72 mg, 28%). M.Wt. = 1164.81. Elemental analyses: found 
C = 17.8, H = 3.01, N = 0.31%. Caic. for C16H32S8Au2P2F12: C = 16.5, 
H = 2.75%. I.r. spectrum (KBr disc): 2920w, 2960, 1420, 1260, 1200, 1140, 
860-840 and 560 cm. F.a.b. mass spectrum (3-NOBA matrix) : found 
M = 1019, 873, 677. Calc. for [ 197Au2([24]aneS8)PF6I': M = 1019; 
[197Au2[24]aneS8-H)1: M = 873; [ 97Au([24]aneS8)1: M = 677, with 
correct isotopic distributions. 
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CHAPTER 8 
Chemistry of metal-free [9]aneS3 
8.1 INTRODUCTION 
The co-ordination complexes of [9]aneS3 have been studied extensively. 26 
Stabilisation of unusual metal oxidation states by this unique ligand has been 
a particular impetus of the work carried out in Edinburgh. However, the 
chemistry of [9]aneS3 itself has only received limited attention. 
Structural studies of [9]aneS3 have been carried out in the solid- and 
gaseous-states. As discussed in Chapter 2, [9]aneS3  is unique among 
thioether macrocyclic ligands, since in the solid-state the ligand adopts a 
[333] endo conformation with the S-donors directed towards the centre of the 
ligand cavity, C - S = 1.820(5), 1.823(5)A and C - C = 1.510(6)A 19  (1). The 
transannular S ... S distance of 3.451(2)A is less than the sum of van der Waals 
radii for S (3.70A). If the symmetry of ligand found in the crystal is 
maintained in solution, the [9]aneS3 can be considered to be pre-organised 
for facial co-ordination to a metal centre. 
(1) 
Photoelectron spectroscopic studies of [9]aneS3 suggested that the [333] 
conformation is retained in the gas phase- 258  Electron diffraction and 
molecular mechanics studies .on [9]aneS3 have recently been carried out in 
Edinburgh 259  The assignment of symmetry of [9]aneS3 in the gaseous-state 
was ambiguous. C3, C2 and C1 (2) symmetry models all fitted the 
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experimental data but the quality of the fit varied. The molecular mechanics 
calculations favoured the C1 and C3 models. Conclusions from the 
combined work suggest that [9IaneS3 is probably in a mixture of C1 and C3 
conformations- 259  






(2) 	C3 model 	 C2 model 	 C1 model 
[9]aneS3 undergoes reactions itself in its bound and unbound forms. 
L91aneS3 can undergo a ring-opening reaction when bound to a high valent 
metal centre- (Section 1.4).229  The deprotonation of bound [9]aneS3 results 
in a ligand transformation to afford a co-ordinated vinyl thioether moiety 
with a terminal thiolate donor, 229 (see 
[Rh([9]aneS3)(S(CH2)2S(CH2) 2SCH = CH2)] 2  Section 1.4 (22b)) 
Wieghardt and co-workers have shown that one of the thioether S-donors in 
[Fe([9]aneS3)2] 2t can be oxidised to a suiphoxide in the presence of 
H202.255 (3) A metal-based oxidation can also be achieved using Pb02 in 
H2SO4 to give [Fe([9]aneS3)2]3.255  Full oxidation of [91aneS3 using H202 
affords the hexaoxo species. 256 
(3) 
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During the synthesis of [Au([9]aneS3)2] 2  (Chapter 2) a• non-metal 
containing by-product was isolated. The aim of the work discussed in this 
chapter was to identify and characterise this new [9]aneS3-derived product 
and study the oxidation products of [9]aneS3. 
8.2 RESULTS AND DISCUSSION 
8.2.1 Characterisation of [9]aneS3-derived by-product 
In the final stages of the synthesis of [Au([9]aneS3)2] 2 a non-metal 
containing by-product was isolated. The product gave an accurate f.a.b. 
mass spectral peak at M = 179.00228, corresponding to [C6H11S3]. I.r. 
spectroscopy (KBr disc) indicated the presence of BF4 in the product. The 
n.m.r. spectrum of the by-product showed a doublet of doublets at 
S = 3.09 - 4.30 ppm (1 OH) (Figure 8.1). 13C (DEPT) n.m.r. spectrum shows 
one methyne or methyl resonance at S = 59.29 ppm and four methylene 
resonances at S = 47.55, 35.22, 34.00, 26.19, 23.37 ppm (Figure 8.2). 
On the basis of the spectroscopic and microanalytical data the product was 
assigned as [C6H11S3](BF4). [C6H11S3](PF6) can synthesised in good yield 
by reacting [9]aneS3 with one molar equivalent of the hydride abstractor 
(Ph3CPF6) in MeNO2. 
S = 5.28 ppm (1H) and a complicated multiplet at 
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Figure 8.1: 	1 H n.m.r. spectrum of 1C6H11S3](PF6) 
5.0 	 4.0 	 ao ppm 
Figure 8.2: 	13c (DEFT) n.m.r. spectrum of [C6H11S3](PF6) 
CD3NO2 
I 	 I 	 I 
80 	 60 40 20 	ppm 
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To establish the exact connectivity of [C6H11S31(BF4) an X-ray single crystal 
determination was carried out. 
8.2.2 Structure determination of [C 6H11S3](BF4) 
The single crystal X-ray determination of [C6H11S3](BF4) confirmed the 
compound to be a bicyclic suiphonium salt, 4,7-dithia-1-thionia-
bicyclo[4,3,0]nonane, which incorporates fused six- and five- membered 
rings (Figure 8.3). 
Figure 8.3: 	Single crystal X-ray structure of IC6H11S31 
S(4) 	 S(1) 
The six-membered ring adopts a chair conformation with the suiphonium 
salt at the bridgehead, (outer C - S = 1.798(3) - 1.817(3)A, bridge C - S = 
1.8414(24)A, C - C = 1.511(4) - 1.520(4)A). Full details of the solution and 
refinement are given in Section 8.4.2. Selected bonds, angles and torsions are 
given in Table 8.1. 
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Table 8.1: 	Selected bonds, angles and torsions for [C6H11S3i 
S(1) - C(2) 	1.7976(24) 	 C(S) - C(6) 	1.513( 4) 
S(1) - C(9) 1.807( 3) C(6) -H(6A) 0.99( 3) 
C(2) - 11(2) 	0.95( 3) 	 C(6) -H(6B) 	0.94( 3) 
C(2) - C(3) 1.520( 4) C(6) - S(7) 1.816( 3) 
- S(7) 	1.8414(24) 	 S(1) - C(S) 	1.817( 3) 
-H(3A) 0.91( 3) C(8) -H(8A) 0.91( 3) 
C(3) -11(38) 	0.94( 3) 	 C(S) -11(88) 	0.99( 3) 
C(3) - S(4) 1.798( 3) C(S) - C(9) 1.511( 4) 
S(4) - C(5) 	1.815( 3) 	 C(9) -R(9A) 	0.88( 3) 
C(S) -M(5A) 0.99( 3) C(9) -H(9B) 1.00( 3) 
C(S) -H(SB) 	0.89( 3) 
- 8(1) - C(9) 	91.00(13) 	 C(5) - C(6) -11(68) 111.6(17) 
S(t) - C(2) - 11(2) 107.2(16) C(S.) - C(6) - 5(7) 	110.80(18) 
S(1) - C(2) - C(3) 116.56(17) 	 H(6A) - C(6) -H(6B) 110.3(23) 
S(1) - C(2) - S(7) 106.23(12) 1i(6A) - C(6) - S(7) 105.2(16) 
11(2) - C(2) - C(3) 	109.1(16) 	 11(68) - C(6) - S(7) 	103.1(17) 
11(2) - C(2) - S(7) 	105.6(16) C(2) - S(7) - C(6) 	101.28(11) 
- C(2) - S(7) 111.45(17) 	 C(2) - S(7) - C(S) 	96.17(12) 
C(2) - C(3) -M(3A) 109.5(18) C(6) - S(7) - C(8) 102.43(12) 
C(2) - C(3) -11(38) 109.3(17) 	 5(7) - C(8) -H(8A) 105.2(17) 
- C(3) - S(4) 	116.00(18) S(7) - C(S) -11(88) 104.1(15) 
M(3A) - C(3) -11(38) 110.3(24) 	 S(7) - C(8) - C(9) 110.19(19) 
H(3A) - C(3) - S(4) 103.4(17) H(SA) - C(8) -11(88) 113.5(23) 
11(38) - C(3) - S(4) 	108.0(17) 	 H(SA) - C(8) - C(9) 111.3(17) 
- S(4) - C(S) 	99.12(13) 11(88) - C(S) - C(9) 	112.0(15) 
S(4) - C(5) -H(SA) 107.9(16) 	 S(1) - C(9) - C(S) 110.63(21) 
S(4) - C(S) -11(58) 	106.8(18) S(1) - C(9) -H(9A) 	107.3(19) 
S(4) - C(5) - C(6) 	113.31(19) 	 S(1) - C(9) -H(9B) 111.4(16) 
M(SA) - C(5) -11(5B) 107.0(24) C(S) - C(9) -11(9A) 115.9(19) 
H(5A) - C(S) - C(6) 111.1(16) 	 C(S) - C(9) -11(98) 108.6(16) 
11(58) - C(S) - C(6) 110.5(19) H(9A) - C(9) -H(9B) 102.7(24) 
C(S) - C(6) -R(6A) 115.0(16) 
C(9) - S(1) - C(2) - 11(2) -66.2(17) 	S(4) - C(S) - C(6) - S(7) -70.26(21) 
C(9) - S(1) - C(2) - C(3) 171.29(20) 	H(SA) - C(S) - C(6) -H(6A) 170.5(24) 
C(9) - S(1) - C(2) - S(7) 	46.44(14) 	H(SA) - C(S) - C(6) -H(6B) -62.9(25) 
C(2) - S(1) - C(9) - C(S) -47.46(21) 	H(SA) - C(S) - C(6) - S(7) 	51.4(17) 
C(2) - 5(1) - C(9) -H(9A) -174.8(19) 11(58) - C(S) - C(6) -H(6A) -70.9(26) 
- S( -1) - C(9) -11(98) 	73.4(17) 	11(58) - C(5) - C(6) -11(68) 	55.6(27) 
S(1) - C(2) - C(3) -H(3A) 	58.6(19) R(SB) - C(S) - C(6) - 8(7) 169.9(20) 
S(1) - C(2) - C(3) -11(38) 179.6(18) 	C(S) - C(6) - 5(7) - C(2) 	60.80(20) 
S(1) - C(2) - C(3) - S(4) -58.02(23) C(S) - C(6) - S(7) - C(S) 159.79(19) 
11(2) - C(2) - C(3) -H(3A) -63.0(25) 	H(6A) - C(6) - S(7) - C(2) -64.1(16) 
11(2) - C(2) - C(3) -11(38) 	58.0(25) H(6A) - C(6) - S(7) - C(S) 	34.9(16) 
11(2) - C(2) - C(3) - S(4) -179.6(17) 	H(6B) - C(6) - S(7) - C(2) -179.7(17) 
S(7) - C(2) - C(3) -I1(3A) -179.3(19) 11(68) - C(6) - S(7) - C(S) 	80.7(17) 
S(7) - C(2) - C(3) -H(3B) -58.3(18) 	C(2) - S(7) - C(S) -H(8A) -117.8(18) 
5(7) - C(2) - C(3) - S(4) 	64.13(21) C(2) - S(7) - C(S) -11(88) 	122.5(16) 
S(1) - C(2) - S(7) - C(6) 	70.84(14) 	C(2) - 5(7) - C(S) - C(9) 2.27(21) 
S(1) - C(2) - S(7) - C(S) -33.18(14) C(6) - 5(7) - C(S) -H(SA) 139.2(18) 
11(2) - C(2) - 5(7) - C(6).-175.S(17) 	C(6) - S(7) - C(S) -11(88) 	19.5(16) 
11(2) - C(2) - S(?) - C(S) 	80.5(17) C(6) - S(7) - C(S) - C(9) -100.76(20) 
- C(2) - S(7) - C(6) -57.09(19) 	S(7) - C(S) - C(9) - S(1) 	30.0( 3) 
C(3) - C(2) - S(7) - C(S) -161.11(18) 5(7) - C(S) - C(9) -H(9A) 152.5(21) 
- C(3) - S(4) - C(S) -59.04(21) 	5(7) - C(S) - C(9) -11(981 -92.6(17) 
H(3A) - C(3) - S(4) - C(S) -179.0(18) H(SA) - C(S) - C(9) - S(1) 146.3(18) 
11(38) - C(3) - 5(4) - C(S) 	64.1(18) 	H(SA) - C(8) - C(9) -H(9A) -91.3(25) 
- S(4) - C(S) -H(SA) -61.9(17) R(8A) - C(S) - C(9) -H(9B) 	23.7(25) 
C(3) - S(4) - C(S) -11(58) -176.6(19) 	11(58) - C(S) - C(9) - S(1) 	-85.4(17) 
C(3) - S(4) - C(S) - C(6) 	61.50(21) 	11(88) - C(S) - C(9) -H(9A) 	37.1(27) 
S(4) - C(S) - C(6) -l1(6A) 	48.9(17) H(8B) - C(S) - C(9) -11(98) 	152.0(23) 
S(4) - C(S) - C(6) -11(68) 175.4(18) 
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The product is formally the deprotonated, two- electron oxidation product of 
[9]aneS3. Transannular S - C bond formation and C - H bond cleavage result 
in a bicyclic species; the formation of the fused five- and six- membered rings 
is presumably the driving force for the production of this species. 
8.2.3 Reactions of [C6H11S31 4 
Theoretically, reduction of the bicyclic suiphonium salt [C6H11S31 could 
result in the formation of [9]aneS3, via attack at position (A) (4). Equally 
attacked may occur at positions B and C. 
A 
(4) 
L 11111.) 	A > B > S 
B 	C 	 S,.4> 
Is 
Preferential nucleophilic attack at position (A) could represent a route to 
C-functionalisation of [9]aneS3. Attempted reduction of the bicyclic 
suiphonium salt using NaBH4 gave no reaction after 3 days. n-Selectride 
reacts with the bicyclic suiphonium salt to give a mixture of products while 
the reaction of MeLi consistently gave a product that showed 9 methylene 
carbon resonances in the 13C (DEPT) spectrum, and one methyl or methyne 
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resonance. Assignment of this product was not possible, although 
comparison with the 13C n.m.r. spectroscopic data for the recently 
synthesised methylated [9]aneS3 261 established that Me had not 
preferentially attacked at the bridge position (A) in the suiphonium salt. 
Endeavours to use less vigorous nucleophiles (e.g. BuU) gave no apparent 
reaction. 	Templeton and co-workers have reported the synthesis of a 







Exploitation of this route may yield [9]aneS3 from the bicyclic suiphonium 
salt; insufficient time was available to attempt this reaction. 
8.2.4 Electrochemical oxidation of [9]aneS3 
Cyclic voltammetry of [9]aneS3 in MeCN (0.IM TtBU 4NPF6) at platinum 
electrodes shows an irreversible oxidation at Epa = +0.98V (vs Fc/Fc+), With 
a return wave of Ep c  = -0.57V at a scan rate of 250 mVs 1 . The reduction at 
-0.57V is not present on initially scanning from 0 to -1.OV indicating that the 
return wave corresponds to the reduction of an oxidation product of 
[9]aneS3. 
Cyclic voltammetry of [C6H11S3](PF6) in MeCN (0.IM nB u4NpF6) at 
platinum electrodes shows an irreversible reduction at Epc = 2.14V 
(vs Fc /Fc+) at a scan rate of 250 mVs- 1 . Therefore, it can be deduced that 
[C6H11S31 is not the major electrochemical oxidation product of [9]aneS3. 
Electrogeneration of [9]aneS3 in MeCN at +1.2V (vs FcIFc) affords a pale 
yellow, e.p.r. active species. The frozen glass e.p.r. spectrum of the 
electrochemical oxidation product of [9]aneS3 shows a complex multiplet 
(Figure 8.4). 
Figure 8.4: 	X-band frozen glass spectrum of the electrochemical oxidation product of [9]aneS3 
MeCN (0.IM 'Bu4NPF6) Centre field 3300 C 
at 77}( 	 Sweep field 1000 C 
Numerous sulphur-based radical species have been reported in the 
literature . 262272  Thioether cation radicals and dications have been reported 
by Musker and co-workers273276; these highly reactive dithioether species 
were proposed to incorporate S.. .S interactions 274275 (6-8). The 
experimental and. simulated e.p.r. spectrum reported for (8)276  is similar to 
the e.p.r. spectrum observed for the electrochemically oxidised [9]aneS3. 
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FS O 	Co . 
	
I I 	 I 
E 	CO C~So 
I I 
E: SS, 	CSS+13 	C+S' 3 
(6) 	 (7) 	 (8) 
Coulometric measurements carried out at E = +1.2V vs Fc/Fc+  on the 
oxidation of [9]aneS3 were irreproducible and gave values for n ranging 
from two to six electrons. It seems likely that the electrochemical oxidation 
product of [9]aneS3  is a sulphur-based radical cation, probably incorporating 
a stabilising transannular S .... S interaction. (9) It is difficult to 
determine the number of sulphur-radical centres present in one ring species 
due to the ambiguity of the coulometric measurements. Possible quenching 
of the thioether radicals by trace amounts of H20 (affording sulphoxide 
species) may affect the coulometric measurements. 
(9) 
Cyclic voltamme try of the electrochemically oxidised product shows three 
irreversible reductions at Epc = -0.69, -1.48, -2.15V (vs (Fc/Fc) at a scan rate 
of 320 mVs 1 . 
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8.2.5 Chemical oxidation of [91aneS3 
The chemical oxidation of [9]aneS3 in MeCN by one molar equivalent of 
NOBF4 affords a yellow solution. The yellow product is e.p.r. active, the 
frozen glass e.p.r. spectrum (Figure 85) is very similar to that observed for 
the electrochemically oxidised species, (Figure 8.4) suggesting that this 
oxidation product of [9]aneS3, is also probably the radical cation species. 
Figure 8.5: 	X-band frozen glass spectrum of the chemical oxidation product of [9]aneS3 
Centre field 3300 C 
MeCN at 77K 	 Sweep field 2000 C 
9.34GHz 
Chemical oxidation of [9]aneS3 in CD3NO2 with two molar equivalents of 
NOBF4 also produces a yellow product. The 13C (DEPT) n.m.r. spectrum of 
this species shows six resonances at 23.06, 25.77, 42.07, 43.87, 47.78 and 
49.95 ppm. Further characterisation was not possible due to decompostion 
during the isolation of the product. 
The product generated by the chemical oxidation of [9]aneS3 using two 
equivalents of NOBF4, shows three irreversible reductions (by cyclic 
voltammetry) Epc = 0.96,-1.63,-2-18V (vs Fc/Fc) at a scan rate of 210 mVs 4 . 
Interestingly, therefore, the chemical and electrochemical radical oxidation 
products of [9]aneS3 differ. 
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8.3 CONCLUSIONS 
[9]aneS3 undergoes oxidation chemically and electrochemically to give 
radical cation or dication species. These species are probably stabilised by 
transannular S .... S interactions. 
[C6H11S3}(BF4), a stable non-radical oxidation product of [9]aneS3 , was 
isolated and characterised. This bicyclic suiphonium salt is formally the 
deprotonated, two-electron oxidation product of [9]aneS3. The formation of 
this salt may occur via radical cation and/or dication intermediates (Scheme 
1); alternatively a concerted mechanism can be postulated (Scheme 2). 
Scheme j 
<_ _> 	~_4 	<_ S~ 
-ie > S SS 	C1) 
Scheme 2 	 C 
s t s 
The reaction of HAuC14 with [9]aneS3 in 40%aq. HBF4 produces the Au(II) 
complex [Au([9]aneS3)2](BF4)2 together with the bicyclic suiphonium salt of 
[9]aneS3. Thus, oxidation of [9]aneS3  to [C6H11S31 in this system occurs via 
the reduction of Au(III) to Au(II). 
2 Au(III) + 5 [9]aneS3 - 2 [Au([9]aneS3)2] + [C6H11S3] 4- I4 
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8.4.1 Synthesis of [C6H11S3](PF6) 
Reduction of [91aneS3 (50 mg, 0.28 mmol) with (Ph3CPF6) (105 mg, 
0.28 mmol) in degassed MeNO2 (5 cm3) under N2, initially afforded a dark 
brown solution that progressively turned orange whilst stirring for 72 hours 
at room temperature. Filtration into Et20 (30 cm 3) produced a white 
precipitate. The product was washed with H20 (5 cm 3), CH2C12 (10 cm3) 
and Et20 (10 cm 3). Recrystallisation of the cream product from MeCN-Et20 
yielded a white powder. (Yield 77 mg, 85%) M.Wt = 324.32. Elemental 
analyses: found C = 22.1, H = 3.5%. Caic. for C6H11S3P1F6: C = 22.2, 
H = 3.39%. I.r. spectrum (KBr disc): 3000, 1430, 1420, 1400, 1300, 1220, 1140, 
940, 900, 840, 660 and 560 cm-1 . Accurate f.a.b. mass spectrum: found 
M = 179.00228, Caic. for [C6H1jS3]: M = 179.00229. 'H n.m.r. spectrum 
(CD3NO2, 298K, 200.13 MHz): 6 = 5.28 (dd,IH), 6 = 3.09 - 4.30 ppm (IOH). 
13C (DEPT) n.m.r. spectrum (CD3NO2, 298K, 50.32 MHz): 6=59.29 (CH), 
47.55, 35.22, 34.00, 26.19, 23.37 ppm (CH2). 
8.4.2 Structure determination of [C 6H11S3](BF4) 
A colourless lath (0.22 x 0.38 x 0.85 mm) suitable for X-ray analysis was 
obtained by vapour diffusion of Et20 into a solution of the complex in 
MeCN. 
Crystal data: 
[C6H11S3] 1.(BF4)-, M.Wt = 266.10, monoclinic, space group P21/c, a = 
5.140(3), b = 9.1036(20), c = 21.947(4)A, P = 90.73(3) 01  LI = 1027A3 [from setting 
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angles for 15 centred reflections with 28 = 30-32°, ? = 0.71073A}, Z = 4, 
Dc =1.721 gcm 3, .t = 0.706 mm-1 , F(000) = 554• 
Data collection and processing: 
CAD4 four-circle diffractometer, Mo-Ka  X-radiation, T = 295 K, co-20 with CO 
scan width (1.0 + 0.34 tan8) ° gave 1433 reflections (20 max 451, 1314 unique 
reflections (Rt = 0.006), of which 1168 with F> 6cj(F) were used in all 
calculations. 
Structure solution and refinement: 
Automatic direct methods 336 located all non-H atoms, which were then 
refined anisotropically307 : H atoms were refined postionally with a common 
LJ 0 of 0.0478(24)A2. At final convergence, R, Rw = 0.0251, 0.0359, 
respectively, S = 1.119 for 161 parameters and the final AF synthesis showed 
no feature above 0.31 ek 3. The weighting scheme w 1 =u2 + 0.000185F2 
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Thioether macrocycles have proved to be excellent stabilising ligands for 
gold in its +1, +2 and 3+ oxidation states. By the control of solvent and 
temperature the isolation of Au(I) and Au(II) compounds has been possible. 
In the Au(I) thioether macrocyclic complexes studied in the solid-state, the 
d10  centre has repeatedly displayed a tendency for [2+2] distorted 
tetrahedral co-ordination (Table 9.1). Not only can these ligands 
accommodate the two co-ordinate metal centre, but additional S-donors are 
also available encouraging the Au(I) centre to increase its co-ordination 
number. It is interesting to note that in [Au(Me2[18]aneN2S4)1 the metal 
centre prefers to take [2+1] co-ordination to three S-donors even in the 
presence of additional S- and N-donors; presumably a combination of chelate 
ring size and mis-matched donor type effects is responsible for the resultant 
stereochemistry. The introduction of 'hard' N-donors into the macrocyclic 
ring, as anticipated, affected the stabilisation of Au(II) and Au(HI) (Table 9.2). 
Table 9.2: Oxidations potentials for selected Au(I) macrocyclic complexes 
[Au([1 8] aneS6)] (PF& 
[Au([15]aneS&](PF6) 
[Au([1 8] aneN2S4)] (PF6) 
[Au(Me211 8]aneN2S4)] (PF6) 
[Au([1 6] aneS4)] (PF6) 
[Au2([28]aneS8)] (PF&2 
All potentials quoted vs Fc/Fc 
+0.14(200) 
+0.55(210) 










Table 9.1 Comparison of [2+21 co-ordination at Au(I) for selected macrocyclic structures 
S(1) -Au-S(1O) 
	
Au-S bonds 	 Au. . .S interactions 






2.302(6) 2.350(9) 2.733(8) 2.825(8)A 
2.320(4) 2.321(3) 2.870(3) 2.856(4)A 
2.2927(13) 2,300(13) 3.1055(13) 3.2088(14)A 
2.223(5) 2.345(7) 2.887(6) 2.992(6)A 
2.3301(10) 2.3378(18) 2.7891(20) 2.7629(20)A 
2.3043(15) 2.3138(14) 2.8883(15)A 
The ligand cavity size has been shown to be critical in the co-ordination of 
Au(I) in its desired stereochemistry; [9]aneS3 and [15]aneS5 have to bind 
Au(I) in 	an 	exocyclic 	fashion. Notably these 	exocyclic complexes 
{[Au([9]aneS3)2] and [Au([15]aneS5)1i are relatively unstable in solution, 
tending to disproportionate to Au(0) and Au(II) more so than the endocyclic 
species ([Au([18]aneS6)1 + and EAu2([28]aneS8)] 2 ). 
The synthesis of a variety of Au(II) compounds presented us with the 
opportunity to study this unusual oxidation state of gold. E.p.r. and 
Mössbauer spectroscopic studies suggested that the quadrupole and nuclear 
Zeeman interactions are significant in these species. A degree of covalency in 
the Au-S bonding is indicated in the g values obtained in the solution e.p.r. 
data (Table 9.3). 
Table 93: Solution e.p.r. spectroscopic data for selected Au(II) species 
• g10 / 	Aiso  
[Au([9]aneS3)21(BF4)2 	2.016 	 42.0 x 10 
[Au([18]aneS6)](PF6)2 	2.026 	 43.2 x iø 
[Au([15]aneS&J(PF6)2 	2.014 	 40.7x 10 
All measurements for MeNO2 solutions were taken at 293 K 
Hopefully this work will be continued in order to establish the exact role of 
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APPENDIX 
MATERIALS AND METHODS 
All solvents were purified according to standard procedures. HPLC grade 
MeCN (Aldrich), spectroscopic grade Me2CO (Fisons) and HPLC grade 
CH2C12 (Fisons) were used in 1 the electrochemical experiments. 
Tetrahydrothiophene (tht) (Aldrich) was used without further purification. 
HAuC14, KAuC14 and PdC12 (Johnson Matthey plc) were all used as 
supplied. All thioether ligands: [9]aneS3, [12]aneS4, [14]aneS [16]aneS4, 
[15]aneS5, [18]aneS6, [24]aneS8 and [28]aneS8 (Aldrich) were all used 
without further purification. [18]aneN2S4 (Lancaster Synthesis) was used as 
supplied. The methylated analogue was prepared by the method described 
by Reid.24  Tetrabutylammonium hexafluorophosphate (nBu4NPF6) was 
prepared by neutralisation of 40% nBU4NOH (Aldrich) with 60% HPF6 
(Strem) and recrystallisation from hot MeOH. Nucleophilic reagents MeU, 
BuLi, and n-Selectide (Aldrich) were used as supplied, as was trityl 
hexafluorophosphate (PhCPF6i. 
Infra-red spectra (4000-200 cm -1) were recorded on a Perkin-Elmer 548 
spectrometer as KBr discs or Nujol mulls. Fast atom bombardment (f.a.b.) 
mass spectra were executed by a Kratos MS 50TC spectrometer using 
3-NOBA matrix. Electronic absorption spectra were run on a Perkin-Elmer 
Lamda-9 UV/Vis/NIR spectrophotometer using quartz cells. 1H n.m.r. 
spectra were measured on Bruker WP80 and Brucker WP200 instruments 
operating at 80.13 MHz and 200.13 MHz respectively. 13C and 13C (DEPT) 
n.m.r. spectra were run on a Brucker WP200 machine at 50.32 MHz. X-band 
e.p.r. measurements were recorded using a Brucker ER-200D spectrometer 
using 100Khz field modulation. A quartz flat cell was employed for the 
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solution samples, frozen glass samples were taken using quartz tubes (4mm 
O.D., 3mm I.D.) and powder samples held in Q- band tubes. 
Electrochemical measurements were carried out on a Brucker 310 Universal 
Modular Polarograph using a three electrode system in stated solvent with 
(0.1 M or 0.4 M) 'Bu4NPF6 as supporting electrolyte. Platinum button 
microelectrodes were utilised as working and auxiliary electrodes, Ag/AgC1 
was used as the reference electrode. All quoted potentials are versus 
ferrocene which is oxidised at +0.43 - +0.45 V versus Ag/AgC1. A three 
compartment cell together with a three electrode system (Pt basket and Pt 
gauze as working and auxiliary electrodes) were used for coulometry and 
electrolysis experiments. Slow scan cyclic voltammetric measurements made 
for the kinetic studies were recorded on a EG & C Princeton Applied 
Research Potentiostat Model 273 interfaced with an IBM computer using the 
Condecon 510 programme;338 the temperature was controlled using a 
Haake F3 temperature controller and a Haake Q bath. Diffusion coefficients 
were determined by use of the ring-rotating disc electrode. 
Spectroelectrochemical studies were carried out using an in situ UV/Vis 
spectroscopic technique. The optically Transparent Electrode (O.T.E.) 
technique was designed and built in Edinburgh. The set up consists of a 
specially designed UV/Vis/NIR quartz cell of 0.5mm cell pathlength (Figure 
A.1) fitted with a fine Pt grid gauze working electrode (transparency —40%), 
together with an auxiliary (Pt wire) and reference electrode (Ag/Ag) both 
separated from the bulk solution by porous glass frits. This unit was inserted 
into a PTFE cell block screwed into Perkin-Elmer Lamda-9 
spectrophotometer. Control of the temperature was maintained by the 
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passage of both dry N2 and pre-cooled N2 in combination through the cell 
block and was monitored by digital thermometer. Solutions of the 
complexes were thoroughly degassed with argon, then electrolysed at the 
working electrode in the cell situated in the beam of the spectrophotometer. 
The electrolysis was maintained until the current decay had reached a small 
residual value, the potential was then reversed to record the re-generation of 
the original starting solution to ensue the chemical reversibilty of the redox 
process. 
Key to Figure A.1: 
A - auxiliary electrode protected from bulk solution by porous fit 
B - reference electrode protected from bulk solution by porous fit 
C - working electrode connection protected from bulk solution by PTFE 
sleeve 
D - PTFE cell top 
E - Degassed sample solution 
F - 0 .5mm  quartz cell containing Pt grid working electrode 
C - Pt grid working electrode 
H - PTFE cell block 
I - variable temperature N2 inlet ports 
J - dry N2 inlet ports 











List of abbreviations 
[9] aneS3 I ,4,7-trithiacyclononane 
[121 aneS4 1,4,7,1 0-tetrathiacyclodecane 
[141 aneS4 1,4,8,11 -tetrathiacyclotetradecane 
[161 aneS4 1,5,9,1 3-tetrathiacyclohexadecane 
[15] aneS5 1,4,7,10,1 3-pentathiacyclopentadeCafle 
[1 8] aneS6 1,4,7,1 0,13,16-hexathiacyclooctadecane 
[24]aneS8 1,4,7,10,13,1 6,19,22-octathiacyclotetracoSane 
[281 aneS8 1,4,8,11,15,1 8,22,25-octathiacyclooctacosane 
[18] aneN2S4 1,4,7,1 0-tetrathia-7,1 6-diazacyclooctadecane 
ap apical 
bipy 2,2'-bipyridyl 
' 1Bu4NPF6 tetra-butylammonium hexaflurophosphate 
CH2C12 methylene chloride 
DEPT distortionless enhancement by polarisation transfer 
DMF dimethylformamide 
e.p.r. electron paramagnetic resonance 
eq equatorial 




f.a.b. fast atom bombardment 












M.Wt. molecular weight 
NIR near infra-red 
3-NOBA 3-nitrobenzylalcohol 
n.m.r. nuclear magnetic resonance 
OEP octaethylporphyrin 
Ph phenyl 
phen 1,1 O-phenathroline 
ppm parts per million 
tht tetrahydrothiophene 
UV / Vis ultra-violet! visible 
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Bis( 1 ,4,7-trithiacyclononane)gold Dication: 
A Paramagnetic, Mononuclear Au" Complex ** 
By Alexander J. Blake, John A. Greig, Alan J. Holder, 
Timothy I. Hyde, Anne Taylor, and Martin Schröder * 
We have shown previously that the potentially six-electron 
donor macrocycle [9]aneS 3  (1 ,4,7-trithiacyclononane), 
which prefers to bind metal ions facially, 11.21 is capable of 
modifying its coordination to accommodate a range of tran-
sition-metal stereochemistries. 13 ' As part of a study of third-
row transition-metal complexes of [9] aneS 3 ,1 3 b1 we report 
herein the preparation of [Au([9]aneS 3 ) 2]20 , the first struc-
turally characterized mononuclear Au" complex. 
Reaction of KAuCI4  with two molar equivalents of 
[9]aneS 3 in refluxing aqueous HBF 4(40 %)/MeOH affords a 
reddish brown solution, which was extracted with CH 3NO 2 
after addition of water. The CH JNO, solution was filtered, 
the solvent removed in vacuo, and the residue taken up 
in CH 3CN. Vapor diffusion with diethyl ether afforded 
the complex [Au([9]aneS 3 )2](BF4)2  in 50% yield. [Au([91-
aneS 3) 2] 219  shows characteristic tJV/VIS absorption bands 
at ).,,,. = 398 (a = 7990), 234 nm (a = 15000W' cm') and 
a strong signal in the ESR spectrum at g. = 2.010 (77 K). 
Hyperfine coupling to "'Au (1 = 3/2, 100%) is 
observed clearly with A., = 57.3 0 (Fig. 1). 
Crystals of [Au([9]aneS3)2l(BF4) 2CH 3 CN suitable for 
X-ray diffraction were grown from CH 3CN/Et 2 0. The sin-
gle-crystal X-ray structure t41  of the complex (Fig. 2) con-
firms unequivocally its assignment as a genuine, mononucle-
ar d9  Au" species: in the centrosymmetric cation, Au" is 
bound to six thioether donors in a tetragonally elongated 
stereochemistry (Au-SI 2.839(5), Au-S4 2.462(5), Au-S7 
2.452(5) A). The two [91aneS 3  macrocycles therefore encap-
sulate the d 9  Au" center to give a Jahn—TeIIer-distorted octa-
hedral stereochemistry. Interestingly, the related d 9 complex 
cation [Cu([9]aneS 3) 2 1 219 also shows an octahedral stereo- 
11 Dr. A. J. Blake, I A. Greig. Dr. A. i. Holder. Dr. T. 1. Hyde. A. Taylor, 
Dr. M. Schröder 
Department of Chemistry. University of Edinburgh 
West Mains Road. GB-Edinburgh EH9 313 (Scotland) 
( 	We thank the British Science and Engineering Research Council (SERC) 
for support and Amersham International Plc and SERC for a CASE 
Award to JAG. 
Fig. 1. ESR spectrum of [Au([9]aneS 3 ),]29 in CH 3CN at 77K. 
chemistry, although in this case the tetragonal elongation is 
less than in the Au lt analogue (Cu-Si 2.4 19(3), Cu-S4 
2.426(3), Cu-Si 2.459(3) A("). 
Fig. 2. Structure of the cation [Au([9]ancS 3) 2 1 2 
[Au([9]aneS 3) 2 1 2 ° is air-stable in the solid state. It can be 
reduced in MeOH or more slowly in CH 3CN to a colorless 
d t° Au' species, [Au([9]aneS 3)2] 9  (E,, = +0.10 Vvs Fc°/ 
Fc. Fc = ferrocene), and can be oxidized to the correspond-
ing d8 Au" complex [Au([9]aneS 3)2 ] 39 (E = + 0.46 V vs 
Fc/Fc).' 3t" When the oxidation of Au lt to Au"' = 
334(a = 19765), 246 nm (a = 20265 si'' cm'')) is moni-
tored by UV/VIS spectroscopy, isosbestic points , = 372. 
208 nm) are observed. The chemical synthesis of 
[Au([9]aneS 3) 2 ]29  depends on control of these redox reac-
tions. Isolation of the Au" species from electrosynthesis ex-
periments is hampered by problems associated with remov-
ing the base electrolyte and purifying the complex. 
Very few examples of mononuclear Au" species have been 
reported in the literature. Most of these examples are tran-
sient or intermediate species or involve significant charge de-
localization onto the ligands (e.g., [Au(mnt) 2] 20 , mnt = 2,3-
dimercapto-2-butanedinitrilet 51). The ligand [9]aneS 3 is re-
dox-inactive up to + 0.99 V (vs Fc°/Fc), 12 ' suggesting that 
delocali.zation of the positive charge in [Au([9]aneS 3) 2]21 
onto the thioether donors will be limited. The coordination 
about the Au center in [Au([9]aneS 3)2]219  is fully consistent 
with that of a d9 transition-metal center and reflects the 
ability of [9]aneS 3 to encapsulate and stabilize an otherwise 
highly reactive metal radical center. Interestingly, we have 
found that the hexathia ligand [18]aneS 6 is also capable 
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COPPER THIOETHER CHEMISTRY: SYNTHESIS AND . 
X-RAY CRYSTAL STRUCTURES OF BINUCLEAR 
COPPER(I) COMPLEXES tCu2(L)1 2 {L = I241aneS8 , 128IaneS8}* 
INCORPORATING OCTATHIA MACROCYCLES 
ALEXANDER J. BLAKE, ANNE TAYLOR and MARTIN SCHRODERt 
Department of Chemistry, University of Edinburgh, West Mains Road, 
Edinburgh EH9 3JJ, Scotland, U.K. 
(Received 10 May 1990; accepted 6 August 1990) 
Abstract—Reaction of L {L = [24]aneS 8, [28]aneS 8 } with two molar equivalents of 
[Cu(NCMe) 4]X (X = C10 4 , BF 4 , PF 6 ) in MeCN affords the white binuclear copper(I) 
complexes [Cu 2 (L)] 2 t A single crystal X-ray structure determination of [Cu,([24]aneS 8)} 
(BFI)2 shows two tetrahedral copper(1) centres, each of which is coordinated to four 
thioether sulphur-donors, Cu—S(1) = 2.263(3), Cu—S(4) = 2.363(3), Cu—S(7) = 2.349(3), 
Cu—S(10) = 2.261(3) A. The Cu" Cu distance is 5.172(3) A. A single crystal X-ray 
structure determination of [Cu2([28]aneS 8)](C10 4) 2 shows that this complex also contains 
two tetrahedral copper(I) centres, each coordinated to four thioether sulphur-donors, 
Cu—S(l) = 2.278(5), Cu—S(4) = 2.333(5), Cu—S(8) = 2.328(5), Cu—S(l 1) = 2.268(5) A. 
The Cu . Cu distance of 6.454(3) A is greater than in [Cu 2([24]aneS 8)] 2 , reflecting the 
greater cavity size in [Cu 2([28]aneS 8)] 2 . Cyclic voltammetry of [Cu 2([24]aneS 8)] 2 and 
[Cu 2([28]aneS 8)] 2 at platinum electrodes in MeCN (0.1 M n  Bu 4NPF 6) shows irreversible 
oxidations at Epa = + 0.88 V, +0.92 V vs Fc/Fc, respectively, at a scan rate of 200 mV 
s ' . Coulometric measurements in MeCN confitm these oxidations to be two-electron 
(one electron per copper) processes to give binuclear copper(II) species. Oxidation of the 
binuclear copper(I) precursors with H 2SO 4 or HNO 3 affords ESR-active copper(II) species 
which presumably incorporate SO4  2- and NO 3 - bridges. 
I. . 
The study of mono- and binuclear Cu" 11  complexes 
as models for copper-containing metallo-enzymes is 
well established.' Several biological systems involve 
copper coordinated to sulphur,' and this has led 
several groups to investigate the incorporation of 
Cu"/" centres into thioether crowns. 8 Rorabacher 
and co-workers have reported a series of studies on 
the complexation of copper(II) and copper(I) by 
polythia macrocyclic ligands. 356 The single crys-
tal X-ray structure of [Cu([1 5]aneS 5)]  21 shows a 
square-based pyramidal stereochemistry, Cu—S q 
= 2.289(2), 2.315(2), 2.331(2), 2.338(2), Cu—Sap = 
2.398(2) A with the copper atom 0.41 A out of 
* [24JaneS 8 = 1,4,7,10,13,16,1 9,22-octathiacyclotetra-
cosane; [28]aneS 8 : 1,4,8,11,15,1 8,22,25-octathiacyclo-
octacosane. 
t Author to whom correspondence should be addressed. 
the basal plane.' Reduction of [Cu([15]aneS 5)J 2 
affords [Cu([15]aneS5)], in which the copper(I) 
centre has a distorted tetrahedral geometry in 
the solid state, Cu—S = 2.243(5), 2.245(5), 
2.317(5), 2.338(5) A; the fifth sulphur-donor is 
non-bonding and is disordered over two sites, 
Cu ... = 3.442(12) and 3.560(11) A. The self-
exchange electron-transfer rate constant for [Cu 
([l5]aneS5)]2 11,  is very rapid (k = 3 x 10 M 
_l)5 Cooper and co-workers have reported' a 
similar, rapid Cu—S bond cleavage on reduction of 
[Cu([ 1 8]aneS 6)1 2 +. [Cu([ I 8]aneS 6)] 2+ shows a tetra-
gonally elongated octahedral stereochemistry, 
Cu—S = 2.323(1), 2.402(1), 2.635(1) A. Reduction 
of this complex affords [Cu([] 8]aneS 6)1 which, like 
[Cu([15]aneS5)], shows a tetrahedral stereo-
chemistry at the metal centre, Cu—S = 2.245(2), 
2.253(2), 2.358(2), 2.360(2) A.' The interconversion -. 
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plexes therefore leads to the formation and breaking 
of one and two Cu—S bonds, respectively. 
These results suggested that tetrahedral coor-
dination of copper(I) to thioether crowns was pre-
ferred. as would be expected for a d' ° metal centre. 
We have been interested in the synthesis of binuclear 
copper complexes of thioether macrocycles 
and have reported previously the synthesis of the 
binuclear copper(I) species [Cu 2(L)(NCM e) 
2] 2 ± 
{L = [18]aneS 6 . 4 Me,[18]aneN 2 S 4 9}. In these 
systems. however, the 18-membered rings are too 
small and lack sufficient sulphur-donors to encap-
sulate two copper(1) centres tetrahedrally. As a 
result. a solvent MeCN molecule completes the 
tetrahedral coordination sphere at each copper(I) 
centre. We argued that larger ring S 8-donor crowns 
would be capable of encapsulating two copper(I) 
ions tetrahedrally to give a binuclear, homoleptic 
thioether product. We report herein the synthesis 
and single crystal X-ray structure determination of 
two such complexes, [Cu 2(L)] 2 2X {L = 
[24]aneS 8, X = BF4 ; L = [28]aneS 8 , X = 
C10 4 }. 
RESULTS AND DISCUSSION 
Reaction of L {L = [24]aneS 8 , [28]aneS 8 1f  with 
two molar equivalents of [Cu(NCMe) 4]X (X = 
C10 4 , BF 4 , PF 6 ), in MeCN under reflux, 
affords the white, binuclear copper(I) complexes 
[Cu 2(L)] 2  . 2X. This assignment of the products 
is based on IR, NMR and FAB mass spectroscopy 
and elemental analysis. In order to confirm the con-
nectivity and stereochemistry at the copper(I) 
centres, and also the conformation of these coor-
dinated large-ring thia macrocycles, single crystal 
X-ray structure determinations were carried out. 
Although examples of coordination compounds 
with these octathia ligands have been described pre-
viously,' 0.11 none has been characterized crys-
tallographically. 
A single crystal X-ray structure determination on 
[Cu 2([24]aneS 8)](BF 4) 2  confirms [Fig. 1(a) and (b)] 
the complex to be a genuine binuclear copper(I) 
complex. The two copper(1) centres are related by 
a crystallographic inversion centre and are each 
coordinated to four thioether sulphur-donors, 
Cu—S(l) = 2.263(3), Cu—S(4) = 2.363(3), 
Cu—S(7) = 2.349(3), Cu—S(10) = 2.261(3) A. 
These bond lengths are comparable with Cu—S 
distances in related copper(I)–thioether complexes. 
The Cu . . Cu distance of 5.172(3) A indicates that 
the two copper(I) centres are non-interacting. The 
angles at the copper(I) centres are distorted from 
those values expected for a tetrahedron, LS(1) 




Fig. I. (a) View of the [Cu,([24]aneS jJ21 cation with atom nunibering scheme adopted; (b) Orthog- 
onal view showing the conformation of the macrocycle. 
Copper thioether chemistry 
	 2913 
LS(l)CuS(10) = 133.86(11), LS(4)CUS(7) = 
91.81(10), LS(4)CuS(l0) = 116.39(10), LS(7) 
CuS(10) = 93.57(10) 0. The structure of [Cu 2 
([28]aneS 8)1(C10 4) 2 , the analogous complex with 
the larger, 28-membered ring macrocycle, shows 
similar features: a single crystal X-ray structure 
determination of this species [Fig. 2(a) and (b)] 
also shows two tetrahedral copper(I) centres each 
coordinated to four thioether sulphur-donors, 
Cu—S(1) = 2.278(5), Cu—S(4) = 2.333(5), 
Cu—S(8) = 2.328(5), Cu—S(1 1) = 2.268(5) A, 
LS(l)CUS(4) = 93.69(19), LS(1)CuS(8) = 
108.78(19), LS(1)CuS(11) = 133.39(20), LS(4) 
CuS(8) = 105.66(18), LS(4)CUS(l1) = 119.79(19), 
LS(8)CuS(11) = 93.25(18)°. The CuP— Cu 
distanceof 6.454(3) A is greater than in [Cu 2([24] 
aneS 8)] 2 , reflecting the greater cavity size of 
[28]aneS 8 . 
These results confirm that the 24- and 28-mem-
bered ring ligands are large enough to encapsulate 
two isolated tetrahedral metal centres. Inter-
estingly, we have found that [24]aneS 8 and 
[28]aneS 8  can also complex two palladium(II) ions 
to give the [Pd (L)] 4 species. The coordination 
geometry at palladium(I1) in these complexes is 
likely to be square-planar. Thus, the binucleating 
octathia ligands, [24]aneS 8 and [28]aneS 8 , are cap-
able of complexing both tetrahedral and square-
planar metal centres. This opens up the possibility  
of unusual redox capabilities; for example, 
reduction of the square-planar, binuclear plati-
num(II) complexes [Pt 2(L)] 4 should afford the 
platinum(0) species [Pt 2(L)] in which the metal 
centres are tetrahedral. Control of this four-elec-
tron reduction couple should lead to interesting 
substrate activation reactions such as 02 reduc-
tion, although ligand oxidation reactions may be a 
problem in this case. 
Cyclic voltammetry of [Cu 2(L)] 2 at platinum 
electrodes in MeCN (0.1 M n Bu 4NPF) shows 
irreversible oxidations at Epa = + 0.88 V {L = 
[24]aneS 8 1 and Epa  = + 0.92 V vs Fc/Fc {L = 
[28]aneS 8}, at a scan rate of 200 mV s'. Coulo-
metric measurements confirm these oxidations to 
be two-electron processes (one electron per copper) 
to afford green Cu" products, .maa = 428 EL = 
[24]aneS 8 }; 560, 406 nm {L = [28]aneS 8 1. The fact 
that these oxidations are electrochemically irre-
versible is not surprising since the resultant 
copper(1I) centres would be expected to tend 
towards octahedral or at least five coordination, 
and would therefore require extra ligation. We 
have, therefore, undertaken a preliminary study of 
the chemical oxidation of [Cu,(L)] 2 with, for 
example, NOBF 4 , HNO 3 and H 2 SO 4 . Oxidation of 
the complexes affords stable, coloured param'ig-
netic species, the ESR spectra of which suggest that 
the two copper(1T) centres are non-interacting. 
(b) 5(41 
Fig. 2. (a) View of the [Cu,([28]aneS 8 )] 2  cation with atom numbering scheme adopted; (b) Orthog- 
onal view showing the conformation of the macrocycle. 
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Current work is aimed at elucidating the struc-
tures and chemistry of these binuclear copper(II) 
complexes, and to study the redox chemistry of the 
binuclear copper(1) precursors with small molecule 
substrates. 
EXPERIMENTAL 
IR spectra were measured as Nujol mulls, KBr 
and CsI discs using a Perkin-Elmer 598 spec-
trometer over the range 200-4000 cm'. UV-vis 
spectra were measured in quartz cells using Perkin-
Elmer Lambda 9 and Pye Unlearn SP8400 spec-
trophotometers. Microanalyses were performed by 
the Edinburgh University Chemistry Department 
microanalytical service. ESR spectra were recorded 
as solids or as frozen glasses down to 77 K using a 
Bruker ER200D X-band spectrometer. 'H and ' 3 C 
NMR spectra were recorded at 200.13 and 50.32 
MHz, respectively, on a Bruker WP200 spec-
trometer. Electrochemical measurements were per-
formed on a Bruker E310 Universal Modular 
Polarograph. All readings were taken using a three-
electrode potentiostatic system in acetonitrile con-
taining 0.1 M Bu 4NPF 6 or Bu4NBF 4 as sup-
porting electrolyte. Cyclic voltammetric measure-
ments were carried out using a double platinum 
electrode and a Ag/AgCl reference electrode. All 
potentials are quoted versus ferrocene/ferrocinium, 
Fc/Fct Mass spectra were run by electron impact 
on a Kratos MS 902 and by fast atom bombardment 
on a Kratos MS 50TC spectrometer. 
Synthesis of [Cu 2([24]aneS 8)](PF 6) 2 
To a solution of [24]aneS 8 (0.192 g, 0.4 mmol), 
dissolved in refluxing MeCN (20 cm'), was added 
[Cu(NCMe) 4]PF6 (0.298 g, 0.8 mmol). The solution 
was refluxed for 2 h, filtered and the volume reduced 
to 5 cm'. Addition of Et 20 and cooling to -20°C 
afforded a white precipitate which was recrys-
tallized from acetone-Et 20 to give the desired 
complex in 78% yield. Found: C, 21.2; H, 3.6. 
Cale. for C, 6H 32Cu 2S 8 P 2 F, 2 : C, 21.4; H, 3.6%. 
IR spectrum (KBr disc): 2980, 2920, 1420, 1395, 
1320, 1290, 1255, 1210, 1170, 1150, 1130, 1120, 
1080, 1050, 920, 840, 740w, 680, 660w, 630w, 
610w, 560 and 455 cm'. FAB mass spectrum 
(3-NOBA matrix): Found: M' 753, 607. Cale. 
for [ 63Cu ,([24]aneS s)PF 6]+ : M' 753 ; [ 63Cu 2([24] 
aneS 8)-H]: MI = 607, with correct isotopic dis-
tributions. 'H NMR spectrum (CD 3CN, 298 K, 
200.13 MHz): 6 = 2.93-2.97 ppm (32H). ' 3C NMR 
spectrum (CD 3CN, 298 K, 50.32 MHz): 6 = 32.54 
ppm (CH,). 
The complex [Cu 2([24]aneS 8)](BF 4) 2 can be pre-
pared in 72% yield by the same method by using 
[Cu(NCMe) 4]BF 4  as a starting material. Found: C, 
24.7; H, 4.1. Cale. for C , 6H 32Cu 2S 8 B 2F 8 : C,.24.6; 
H, 4.1%. IR spectrum (KBr disc): 2980, 2920, 1425, 
1410, 1285, 1255, 1200w, 1170w, 1050br, 920w, 
910w, 890w, 850, 820, 770, 680, 620w, 520, 455 and 
415 cm - '. FAB mass spectrum (3-NOBA matrix): 
Found M = 694, 606. Cale. for [ 63Cu 2([24]ane 
S 8 -H)BF 4] : M = 694;[63Cu 2 ([24]aneS 3)-2H]: 
M = 606, with correct isotopic distributions. 'H 
NMR spectrum (CD 3CN, 298 K, 80.13 MHz): 
5= 2.93-2.13 ppm (32H). 
Crystal structure determination of [Cu 2([24]aneS 3)] 
(BF 4) 2 
[1,4,7,10,13,16,19,22 - octathiacyclotetracosane - 
(5', S4, 57,  5 '°)(S ', s16 3.19 S22)dicopper(I)]2 
2BF 4 . A colourless plate, 0.85 x 0.36 x 0.03 5 mm, 
grown by diffusion of Et 20 vapour into a solution 
of the complex in MeCN, was mounted on a Stoë 
STADL-4 four-circle diffractometer. 
Crystal data. C, 6H32Cu2S 2 2BF 4 , M = 
781.5, monoclinic, space group P2,1n (alt. 
P2 1 1c, No. 14), a =6.480(6),  b =20.040(11), 
c = 11.327(6) A, /3 = 91.84(5)°, U = 1470 A 3 [from 
20 values of 22 reflections measured at ±w(20.= 
24-26°, = 0.71073 A), T = 298 K], Z = 2, D,,,. = 
1.765 g cm 3, p = 2.014 mm', F(000) = 792. 
Data collection and processing. STADI-4 diffrac-
tometer, graphite-monochromated M o-K3 X-radi-
ation, T = 298 K, co-20 scans using the learnt-pro-
file method, 14 2231 unique data collected (20max 450, 
h -6--6, k 0-2l, / 0-p 12), giving 1468 with 
F 4a(F) for use in all calculations. No significant 
crystal decay was observed. 
Structure solution and refinement. A Patterson 
synthesis located the copper atom and iterative 
cycles of least-squares refinement and difference 
Table 1. Bond lengths for [Cu 2([24]aneS 8)1 2 (with stan- 
dard deviations) 
Cu—S(l) 2.263(3) C(5)—C(6) 1.503(16) 
Cu—S(4) 2.363(3) C(6)—S(7) 1.817(12) 
Cu—S(7) 2.349(3) S(7)—C(8) 1.808(12) 
CU—S(10) 2.261(3) C(8)—C(9) 1.561(16) 
S(l)—C(2) 1.800(10) C(9)—S(l0) 1.814(12) 
C(2)—C(3) 1.520(14) S(10)—C(l1) 1.811(10) 
C(3)—S(4) 1.816(10) C(1l)—C(12) 1.524(14) 
S(4)—C(5) 1.837(12) C(12)—S(1')" 1.807(11) 
Primed atoms are related to their unprimed equi-
valents by inversion through (, 0, 0). 
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Table 2. Bond angles for [Cu 2([24]aneS 8 )1 2 (with standard deviations) 
S( I )-Cu-S(4) 94.54(10) C(3)-S(4)--C(5) 101.8(5) 
S(1)-Cu-S(7) 120.20(11) S(4)-C(5)--C(6) 110.3(8) 
S(l)-Cu-S(10) - 133.86(11) C(5)-C(6)---S(7) 113.1(8) 
S(4)-Cu-S(7) 91.81(10) Cu-S(7)--C(6) 98.0(4) 
S(4)-Cu-S(10) 116.39(10) Cu-S(7)--C(8) 98.8(4) 
S(7)-Cu-S( 10) 93.57(10) C(6)-S(7)--C(8) 102.3(5) 
Cu-S(l)-Q2) 97.8(3) S(7)-C(8)--C(9) 116.2(8) 
Cu-S(l)--C(12') 110.8(4) C(8)-C(9)--S(l0) 112.7(8) 
C(2)-S( I )-C( 12') 100.9(5) Cu-S(l 0)-C(9) 97.7(4) 
S(1)-C(2)--C(3) 115.4(7) Cu-S(l0)--C(l 1) 107.9(3) 
C(2)-C(3)---S(4) 116.3(7) C(9)-S(10)--C(l 1) 103.6(5) 
Cu-S(4)--C(3) 97.3(3) S(l0)-C(1 1)-C(12) 113.1(7) 
Cu-S(4)--C(5) 96.4(4) C(1 I)-C(l2)--S(l') 112.7(7) 
Fourier synthesis located the remaining non-hydro-
gen atoms. At isotropic convergence, corrections 
(mm. 0.750, max. 1.615) for absorption were 
applied using DIFABS.' 5 Disorder in the BF 4 
counter-anion was modelled by two fully-occupied 
and four half-occupied fluorine atoms. Refinement 
(by least-squares on F'6) with anisotropic thermal 
for all ordered non-hydrogen atoms and with 
hydrogen atoms in fixed, calculated positions con-
verged at R, R w = 0.0652, 0.0827, respectively, 
S = 1.141 for 157 refined parameters, and the final 
AF synthesis showed no feature above 0.79 e A -3 . 
The weighting scheme, w -' = a2(F)+0.000264F2 , 
gave satisfactory agreement analyses and in the final 
cycle (1I7)max was 0.072. Bond lengths, angles and 
torsion angles are listed in Tables 1-3. 
Synthesis of [Cu 2([28]aneS 8)](PF 6) 2 
To a solution of [28]aneS 8 (0.215 g, 0.4 mmol) 
dissolved in refluxing MeCN (25 cm') was added 
[Cu(NCMe) 4]PF 6 (0.298 g, 0.8 mmol). The solution 
was refluxed for 2 h, filtered and the volume reduced 
to 5 cm'. Addition of Et 20 and cooling to -20°C 
afforded a white precipitate which was recrys-
tallized from acetone-Et,O to give the desired  
complex in 82% yield. Found: C, 25.2; H, 4.2. 
CaIc. for C 2 ,,H 40Cu,S 8 P,F, 2 : C, 25.2; H, 4.3%. IR 
spectrum (KBr disc): 2980, 2920, 1440, 1430, 1420, 
1410, 1340w, 1300, 1290, 1255, 1245, 1210w, 1140, 
1130, 1020, 935, 840, 740, 660 and 555 cm'. 
FAB mass spectrum (3-NOBA matrix): Found: 
M = 809, 663. CaIc. for [ 63Cu 2([28]aneS 8)PF 6]: 
M = 809; [ 63Cu,([28}aneS 8)-H]: M = 663, 
with correct isotopic distributions. 'H NMR spec-
trum (CD 3CN, 298K, 200.13 MHz): 6 = 2.75-3.10 
ppm (28H). ' 3C NMR spectrum (CD 3CN, 298 K, 
50.32 MHz): ó = 33.60, 31.50, 25.56 ppm (CH 2)- 
The complex [Cu 2([28]aneS 8)](Cl0 4) 2 can be pre-
pared in 80% yield by the same method by using 
[Cu(NCMe) 4}Cl0 4 as a starting material. Found: 
C, 27.5; H, 4.6. Calc. for C, 0H 40Cu,S 8 C1 20 8 : C, 
27.4; H, 4.7%. I  spectrum (K Br disc): 2960, 2920, 
2850, 1440, 1405, 1340w, 1300w, 1255, 1240, 1140, 
1090, 940w, 920, 910, 850, 840, 805w, 635 and 625 
cm'. FAB mass spectrum (3-NOBA matrix): 
Found: M = 763, 663. CaIc. for [ 63Cu 2([28]ane 
S 5) 35C1O 4] : M = 763; [ 63Cu,([28]aneS 8)-H] 
M = 663, with correct isotopic distributions. 'H 
NMR spectrum (CD 3CN, 298 K, 200.13 MHz): 
6 = 2.72-2.97 ppm (28H). ' 3C NMR spectrum 
(CD 3CN, 298 K, 50.32 MHz): 5 = 33.14, 31.23, 
26.10 ppm (CH 2). 
Table 3. Torsion angles for [Cu 2 ([24]aneS 8)] 2 (with standard deviations) 
C(12')-S(l)--C(2)---C(3) 70.7(8) C(6)-S(7)--C(8)--C(9) 77.6(9) 
S(1)-C(2)-C(3)--C(4) 51.1(9) S(7)-C(8)--C(9)--S(l0) 49.9(11) 
C(2)-C(3)-S(4)--C(5) 70.6(8) C(8)-C(9)-S(10)---C(l 1) 63.7(9) 
C(3)-S(4)--C(5)---C(6) - 147.6(8) C(9)-S(10)--C(l l)-.C(12) 91.2(8) 
S(4)-C(5)--C(6)-S(7) 64.9(9) S(l0)-C(l 1)-C(l2)-S(l') 68.2(8) 
C(5)-C(6)-S(7)--C(8) -141.7(8) 
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Scheme 1. 
Crystal structure determination of [Cu2([28]ane 
S 8)](CI0 4) 2 
[1,4,8,11,15,18,22,25 - octathiacyclooctacosane - 
(S ,S4,S8,S I  ')(S ' 18,S 22,S 25) dicopper(1)1 2 - 20 
0 4 . A pale yellow needle, 0.47 x 0.05 x 0.05 mm, 
grown by diffusion of Et 20 vapour into a solution 
of the complex in MeCN, was cooled to 173 ±0.1 
K on a Stoë STADI-4 four-circle diffractometer 
equipped with an Oxford Cryosystems low-tem-
perature device. lS 
Crystal data. C20H40Cu2S82 . 2Cl0, M = 
863.0, monoclinic, space group P2 1 1n (alt. P2,1c, 
No. 14), a = 6.999(7), b = 20.000(21), c = 11.780(7) 
A, fJ = 102.37(7)°, U = 1611 A 3 [from setting 
angles of 10 reflections with 20 = 20-22°, = 
0.71073 A, T= 173 K], Z=2, D 31= 1.779 g 
cm , p = 2.032 mm ',F(OOO) = 888. 
Table 4. Bond lengths for [Cu 2([28]aneS8)] 2 (with stan- 
dard deviations) 
Cu-S(1) 2.278(5) C(6)-C(7) 1.56(3) 
Cu-S(4) 2.333(5) 	- C(7)-S(8) 1.794(20) 
Cu-S(8) 2.328(5) S(8)-C(9) 1.804(17) 
Cu-S(l 1) 2.268(5) C(9)-C(10) 1.493(25) 
S(l)-C(2) 1.835(20) C(I0)-S(l1) 1.850(19) 
C(2)-C(3) 1.55(3) S(11)-C(12) 1.761(20) 
C(3)-S(4). 1.802(19) C(12)-C(13) 1.56(3) 
S(4)-C(5) 1.795(19) C(1 3)-C( 14) 1.50(3) 
C(5)-C(6) 1.50(3) C( 14)-S( I ')" 1.849(21) 
"Primed atoms are related to their unprimed equi-
valents by inversion through (2-x, 1 -y, 1-:). 
Data collection and processing: STADI-4 diffrac-
tometer, graphite-monochromated Mo-K 2 X-radi-
ation, T = 173 K, co-20 scans using the learnt-
profile method,' 4 2727 data collected (20max 45°, 
Ii -7 - 7, k 0 - 21, 10 --,, 12),  1799 unique (R, 
0.07 1), giving 1039 reflections with F> 4a(F) for 
use in all calculations. Linear isotropic crystal decay 
(ca 21%) corrected for during data reduction, no 
absorption correction. 
Structure solution and refinement. A Patterson 
synthesis located the metal atom and iterative cycles 
of least-squares refinement and different Fourier 
synthesis located the remaining non-hydrogen 
atoms: these were then refined (by least-squares on 
F'6) with anisotropic thermal parameters for all 
non-hydrogen atoms and with hydrogen atoms in 
fixed, calculated positions. At final convergence R, 
& = 0.0656, 0.0784, respectively, S = 0.947 for 
182 refined parameters, and the final AF synthesis 
showed no feature above 0.74 e A - . An isotropic 
extinction parameter refined to 6(4)x 10_s.  The 
Table 5. Bond angles for [Cu 2([28]aneS 3 )1 2 	(with standard deviations) 
S( I )-Cu-S(4) 93.69(19) C(6)-C(7)--S(8) 107.5(13) 
S( I )-Cu-S(8) l08.78( 19) Cu-S(8)--C(7) 100.5(6) 
S(I)-Cu-S(l 1) 133.39(20) Cu-S(8)--C(9) 99.6(6) 
S(4)-Cu-S(8) 105.66(18) C(7)-S(8)--C(9) 100.8(8) 
S(4)-Cu-S(l I) 119.79(19) S(8)-C(9)--C(l0) 117.4(12) 
S(8)-Cu-S(l1) 93.25(18) C(9)-C(l0)--S(l1) 113.3(12) 
Cu-S(l)-C(2) 97.2(6) Cu-S(l 1)-C(10) 99.3(6) 
S(l)-C(2)---C(3) 111.1(13) Cu-S(l l)-C(12) 108.4(7) 
C(2)-C(3)--S(4) 115.1(13) C(10)-S(l l)-C(12) 99.8(9) 
Cu-S(4)--C(3) 98.6(6) S( II)-Q1 2)-C( 13) 115.3(14) 
Cu-S(4)--C(5) 108.5(6) C(12)-C(13)---C(l4) 113.7(17) 
C(3)-S(4)--C(5) 102.4(9) C( 1 3)-C( 1 4)-S( 1') 108.0(14) 
S(4)-C(5)--C(6) 121.8(14) C( I 4)-S( I ')-C(2') 100.1(9) 
C(5)-C(6)---C(7) 111.1(16) 
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Table 6. Torsion angles for [Cu 2([28]aneS s)]2* (with standard deviations) 
S( I )—C(2)--C(3)--S(4) -56.2(16) S(8)—C(9)--C(1 0)—S( 11) -48.306) 
C(2)—C(3)—S(4)--C(5) -80.6(15) C(9)—C(1 0)—S( II )—C( 12) -70.6(14) 
C(3)—S(4)--C(5)--C(6) 91.5(16) C(l0)—S(1 l)—C(12)--C(l3) - 59.1(15) 
S(4)—C(5)--C(6)--C(7) 63.8(20) S(1 l)—C(12)--C(13)--C(14) -167.6(14) 
C(5)—C(6)--C(7)--S(8) -101.4(16) C( I 2)—C( I 3)—C( I 4)--S( ]') 69.7(19) 
C(6)—C(7)--S(8)--C(9) 169.3(13) C( I 3)—C( I 4)—S( I ')—C(2') 149.6(14) 
C(7)—S(8)---C(9)--C( 10) -75.0(14) C( I 4)—S(1 ')—C(2')--C(3') 68.6(14) 
2917 
weighting scheme w' = U2 (F) + 0.0007F2 gave sat-
isfactory agreement analyses and in the final cycle 
(/0max was 0.11. Bond lengths, angles and torsion 
angles are listed in Tables 4-6. 
Atomic scattering factors were inlaid ' 7 except for 
copper,' 8 molecular geometry calculations utilized 
CALC' 9 and figures were produced by ORTEPII. 2° 
Atomic coordinates, displacement factor coeffi-
cients and FO/F tables have been deposited. 
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Is the Molecular Structure of 1 ,4,7-Trithiacyclononane([9]aneS3) as Symmetrical 
in the Gas Phase as it is in the Crystal? An Electron Diffraction Study 
Richard Btom,t David W. H. Rankin, Heather E. Robertson, Martin Schröder and Anne Taylor 
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh, EH9 3JJ, Scot/and, UK 
The molecular structure of [9] aneS 3 has been studied by gas electron diffraction (G ED) and by molecular-
mechanics calculations (MM2). Four molecular models have been fitted to the experimental data, 
one having D. symmetry, one C. symmetry, one C2 symmetry and one C1 symmetry. The 03 model 
was incompatible with the GED data and was discarded. The C1 model gave the lowest R-factor in 
the GED analysis, and the C. model gave only a slightly poorer fit to the data. The C3 model, which 
corresponds to the conformation observed in the crystalline state, could not be completely 
excluded, but the model gave a significantly worse fit to the GED data than the C2 and C1 models. 
MM2 calculations also favoured the C1 model, but with the C, model only 0.13 kJ mol higher in 
strain energy. The C. and D. models were higher in energy by 8.3 and 9.9 kJ mol respectively. 
The co-ordination chemistry of macrocyclic sulphide ligands 
has been the subject of much recent interest.' .2 Whereas 
sulphides, R 2S, are often poor donors to transition metal ions,' 
their cyclic analogues have been found to co-ordinate to a wide 
range of metal ions to form stable complexes.' The trithia 
macrocycle [9]aneS 3 (1,4,7-trithiacyclononane), in particular, 
usually binds facially to metal ions and therefore parallels the 
co-ordination of cyclopentadienyl, aryl, tripyrazolylborate and 
triphos ligands.' The single-crystal X-ray structure of metal-free 
[9]aneS 3 
1 ,4,7-trithiacyclononane 
1,4,7-trithiacyclononane ([9]aneS 3) shows it to adopt a [333] 4 
endo conformation with C3 symmetry. 5 Approximate C3 
symmetry of the ligand is retained in most metal complexes, 
although C2  symmetry has been observed in some cases, 
particularly with d 8 metal ions.' If the ligand symmetry found 
in the crystal is maintained in solution, the S-donors in the 
metal-free ligand are pre-organised 7 for facial co-ordination to 
metal ions. In contrast, the solid-state structures of other 
polysuiphides S4-, S 5 - and S6-donor crowns show that they 
tend to adopt exo conformations in which the donor atoms 
point out of the macrocyclic cavities. 89 Rearrangement from 
an exo to an endo conformation is therefore a common feature 
of the co-ordination chemistry of these latter ligands, 8 ' ° but 
not for [9]aneS 3 . 
Conformational analysis of [9]aneS 3 using photoelectron 
spectroscopy has suggested that the [333] conformation is 
retained in the gas phase." We wished to probe the 
conformation of metal-free [9]aneS 3 further, particularly with 
respect to pre-organisation effects. We report here a gas-phase 
electron-diffraction study and the results of molecular-mech-
anics (MM2) calculations on uncoordinated [9]aneS 3 . 
Experimental 
Synthesis.—[9]aneS 3 was synthesised according to the 
template method of Sellmann and Zapf' 2 or purchased directly 
from the Aldrich Chemical Co. 
t On leave from Department of Chemistry, University of Oslo. 
Electron Diffraction.—Electron diffraction scattering inten-
sities were recorded photographically on Kodak Electron 
Image plates using the Edinburgh gas diffraction apparatus,' 3 
operating at ca. 44.5 kV. During the measurements the sample 
was maintained at 473 K and the nozzle at 493 K. Three plates 
were exposed with the distance between nozzle and plate set at 
258 mm and three at 95 mm. Data for benzene were recorded 
to provide calibration of the camera distances and electron 
wavelength (Table 1). The ranges of the data sets and weighting 
points used in setting up the off-diagonal weight matrix, scale 
factors and correlation parameters are also listed in Table 1. 
Absorbance data were obtained using a Joyce-Loebl MDM6 
microdensitometer at the SERC Laboratory, Daresbury. The 
scanning program ' and programs used subsequently for data 
reduction I I and least-squares refinements are those described 
previously. The scattering factors used were those reported by 
Fink et al.' 6 The experimental molecular scattering intensity 
curves are shown in Fig. 2. 
NMR Spectra.—In an attempt to ascertain which conform-
ation was preferentially adopted, or whether there was an 
equilibrium mixture of co-existing conformers, ' 3C NMR 
spectra were recorded at low temperatures. Using a Bruker 
WH360 spectrometer, only a single peak was observed in the 
3C spectrum of a solution in toluene, from room temperature 
down to 190 K. This was the lowest temperature that could be 
attained using solvents in which an appreciable amount of 
[9]aneS 3 could be dissolved. 
Structure Refinements.—Four different molecular models 
were considered in the structural analysis of [9]aneS 3 based on 
electron-diffraction data. The four models had D 3, C3, C2 and 
C, symmetry and are shown in Fig. 1. For all four models all 
C-H bond lengths were assumed to be equal, the HCH angles 
were fixed at 1100  and the CH 2 groups were placed so that the 
plane defined by the atoms of each group bisected the SCC 
angle at the corresponding carbon atom. Each model is 
described in detail below. 
The D 3 Model.—This represents one of two possible con-
formers described as [333] when using Dale's nomenclature' 
and is shown in Fig. 1(a). The ring geometry can be described 
by four independent parameters: the distance between the 
sulphur atoms, r(S . . . S), the sulphur-carbon bond length, 
r(S-C), the carbon-carbon bond length, r(C-C), and one 
valence angle, chosen as CSC. Together with r(C-H) and the 
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Table I Camera heights, electron wavelengths, weighting functions, correlation parameters and scale factors for the ED data 
Camera As 	s,,,,, sw 1 	SW2 	S,,. 
height/ Correlation Scale 
mm 	X/pm nm' parameter factor 
256.46 	5.670 2 	20 40 	140 	164 	0.4511 0.807(8) 
94.17 5.671 4 100 140 300 352 0.3725 0.801(26) 
The correlation parameters and scale factors are in principle different for the models presented in this paper. The differences are, however, very 









Fig. 1 The molecular models considered in the gas electron-diffraction study of [9]aneS 3 (a) D 3 model, (b) C3 model, (c) C 2 model and (d) C 1 model. 
Numbering of the atoms is shown. 
angle HCH this makes six independent parameters which 
together describe the whole molecular structure. The D 3 model 
was found to be incompatible with the electron-diffraction data. 
The curves labelled (b) in Figs. 2 and 3 are the differences 
between experimental and theoretical curves for a reasonable 
molecular model of D3 symmetry. The reason for the great 
discrepancy between the theoretical and observed molecular 
scattering intensity curves obtained is mainly a consequence of 
the very long S . . . S distance, which is inevitable for this model 
if the valence angles are sensible. It is reasonable to assign the 
peak at approximately 360 pm in the radial distribution curve 
[Fig. 3(a)] to the S... S distances. This is much shorter than 
the S... S distance of 440 pm expected for the D3 model (see 
Table 4). 
The C3 ModeL—This conformer is the second [333] 
conformer, and is shown in Fig. 1(b). The ring geometry can be 
described by seven independent parameters. By fixing the S 3 
triangle in the xy plane the six carbon atoms will form two 
triangles which must be parallel to the S 3 plane. One such plane 
is defined by the atoms 2, 5 and 8 and the other by the atoms 
3, 6 and 9. One of the parameters was chosen as the distance 
between the sulphur atoms, r(S.. . S), and three parameters 
were then needed to define each C 3 plane. They were chosen to 
be the C . . C distances of the two C 3 triangles, d(2,5,8) and 
d(3,6,9), the perpendicular distances between the S 3 plane and 
the two C 3 planes, z(2,5,8) and z(3,6,9), and the rotations about 
the z-axis of the two C 3 triangles relative to the fixed S 3 triangle, 
T(2,5,8) and z(3,6,9), defined as positive for clockwise 
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Fig. 2 (a) The combined experimental molecular scattering intensity 
curve for [9]aneS 3 . The lower part of the figure shows the difference 
curves (experimental-theoretical) for (b) D 3 model, (c) constrained C3 
model (see the text), (d) non-constrained C3 model, (e) C2 model and 








Fig. 3 (a) The experimental radial distribution curve, P(r)/r, for 
[9]aneS 3. The lower part of the figure shows the difference between 
experimental and theoretical curves for (b) the D3 model, (c) the 
constrained C3 model, (d) the non-constrained C3 model, (e) the C2 
model and (f) the C, model. Before Fourier inversion the data were 
multiplied by s exp( - 0.000 02s2)1(Zc - fc)(Zs - f). 
rotations. Together with r(C-H) and the angle HCH there are 
thus nine independent parameters. Eight of these could be 
refined, together with six RMS amplitudes of vibration (u-
values). The values of the parameters obtained are presented in 
Table 2, and the corresponding bond lengths and angles and 
amplitudes of vibration are listed in Table 3. Refinements in 
which CSC was loosely constrained to 103(1) 0, SC(2) to 
112.5(5)° and CC(3)S to 116.3(5), values close to those 
measured in the crystalline phase, gave a poorer fit to the 
experimental intensity curves than the unconstrained C3 model. 
The R-factors obtained for the constrained C3 model for the 
two sets of data were 0.16 and 0. 18, respectively. In Figs. 2 and 
3 differences between experimental and theoretical intensity 
and radial distribution curves for the constrained C3 model (c) 
and the unconstrained C3 model (d) are shown. 
The C 2 Model.—In Dale's nomenclature this is a [12222] 
conformer: it is illustrated in Fig. 1(c). By assuming that the 
two S-C bonds which are, in principle, different, are actually 
of equal length and that the two different types of C-C bond 
are also of equal length, the ring geometry can be described by 
eight independent parameters. The S(1) atom was fixed at the 
origin and the three atoms S(l), C(5) and C(6) were fixed in the 
xy plane. Two dummy atoms, A at (0,1,0) and B at (1,1,0), were 
used when calculating the atomic co-ordinates from the 
bond distances r(S-C), r(C—C) and r(C-H), the four valence 
angles CS(1)C, SC(2)C, CC(3)S and HCH, and the three 
torsional angles t[ABS(1)C(2)], z[AS(1)C(2)C(3)] and 
r[S(1)C(2)C(3)C(4)]. Nine of the independent parameters 
could be refined together with six RMS amplitudes of vibration. 
There are two possible C2 conformers. One can be made 
from the D3 conformer by twisting one of the C-C torsions 
from +g to -g. However, MM2 calculations indicate that the 
S. .. S distances of this C2 conformer are of the same 
magnitude as the S.. . S distance in the D 3 conformer 
(approximately 420 pm), which is not compatible with the peak 
in the experimental radial distribution curve at about 360 pm 
assigned to the S . . . S distances [Fig. 3(a)]. The calculations 
also give 13.8 kJ mor' higher strain energy for this C2 
conformer compared with that shown in Fig. 1(c). For these 
reasons only the low-energy C2 conformer shown in Fig. 1(c) 
was considered in the structural analysis based on electron 
diffraction data. The final values of the refined parameters 
obtained for this conformer are given in Table 2, and the 
corresponding geometrical and vibrational parameters are 
listed in Table 3. The curves labelled (e) in Figs. 2 and 3 are 
the differences between experimental and theoretical curves 
obtained for the best C2 model. 
The C, Model.—The molecular model is shown in Fig. 1(d). 
By assuming that the lengths of all the S-C bonds are equal, that 
the three C-C bond lengths are equal, that the three CSC angles 
are equal, and that the six SCC angles are equal to within 1.0(8)° 
(loosely constrained), 13 independent parameters are needed to 
describe the molecular structure. These parameters were chosen 
as the three bond distances r(S-C), r(C-C) and r(C—H), the 
four angles CS(1)C, SC(2)C, CC(3)S and <HCH, and six tor -
sional angles t[SC(2)C(3)S], t[CC(3)S(4)C], t[CS(4)C(5)C], 
r[SC(5)C(6)S], t[CC(6)S(7)C] and t[CS(7)C(8)C]. 
There are several reasonable C, conformers, and in a struc-
tural analysis based on electron diffraction alone we cannot 
distinguish properly between them. In this case we have chosen 
to rely on the results from the MM2 calculations and only do 
structural refinements on the best C, model from these 
calculations, using the calculated parameters as starting values 
in the electron diffraction analysis. Three different C, 
conformers were obtained, starting from the C3 and two C2 
conformers, by twisting one C-C torsion in each case. The 
conformers obtained correspond roughly to [234], [12222] and 
[234] in Dale's nomenclature.' The two different [234] 
)0 
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Table 2 The independent geometrical parameters used to describe the C31  C2 and C 1 models for [9]aneS 3 
C3 model 	 C2 model 	 C 1 model 
P1 r(S. 	S) 353.0(10) r(S-C) 181.9(1) r(S-C) 182.0(1) 
P2 
d(2,5,8)b 287.5(16) r(C-C) 153.6(4) r(C-C) 153.3(4) 
P3 z(2,5,8) - 132.7(7) r(C-H) 110.6(4) r(C-H) 110.9(4) 
P4 t(2,5,8) 37.6(2) <CS(1)C 104.5(12) <csc 103.8(7) 
Ps d(3,6,9)b 395.7(14) <SC(2)C 118.2(42) <SC(2)C 115.0(5) 
P6 z(3,6,9) -95.2(14) <CC(3)S 115.8(21) <cc(3)s 115.7(5) 
O7 t(3,6,9)d 78.4(1) r[BAS(1)C(2)] 1 145.4(29) <HcH 110.0 
Ps r(C-H) 108.6(5) r[AS(1)C(2)C]" -71.6(11) r[SC(2)C(3)SJ 59.5(18) 
J39 <HCH 110.0 t[SC(2)C(3)S] -113.5(37) t[CC(3)S(4)C] 74.6(14) 
Pio - <HcH 110.0 t[CS(4)C(5)C] -102.9(14) 
Pu - - t[SC(5)C(6)S] 74.3(10) 
P12 - - t[CC(6)S(7)C] -104.2(13) 
P13 - - [CS(7)C(8)CJ 129.6(14) 
 0.095 0.080 0.088 
 0.149 0.115 0.103 
Distances in pm, angles in degrees. b  d(a,b,c) is the length of the sides of the equilateral triangle a,b,c, where a, band care the atom reference numbers. 
z(a,b,c) is the distance between the plane defined by the three sulphur atoms and the parallel plane defined by the three atoms a, b and c. d  i(a,b,c) is 
the clockwise rotation of the triangle (a,b,c) relative to the triangle defined by the three sulphur atoms. Constrained to be 1.0(8)° larger than SC(2)C. 
In order to describe the molecular model two dummy atoms A and B at (0,1,0) and (1,1,0) were used. 9 Fixed value. R for data set number n of 
Table 1. R = D'WD/I'W1, where! is the vector of observed intensities, D the vector of residuals and W the weight matrix. 





C 1 model 
r U 
r(S-C) 182.0(1) 5.9(2) 181.9(1) 5.8(2) 182.0(1) 5.7(2) 
r(C-C) 154.2(4) 5.6(5) 153.6(4) 5.5(4) 153.3(4) 5.7(4) 
r(C-H) 108.6(5) 7.6(6) 110.6(4) 7.3(4) 110.9(4) 7.2(4) 
r(S ... S) 352(1) 23.0(8) 365(1) 21(1) 350(2) 19(1) 
- - 368(3) 21 8 367(1) 19b 
- - - 
- 369(2) 19b 
r(S ... C) 290(1) 6.4(7) 288(6) 8.1(17) 283(1) 9.1(2) 
280(1) 6.4 285(3) 8.1 284(1) 9.1 
- - 278(2) 8.1 284(1) 9.1 
- - - 
- 283(1) 9.1 
- - - - 284(1) 9.1 
- . - - - 283(1) 9.1 
<CS(1)C 90.6(7) - 104.5(12) - 103.8(7) - 
<SC(2)C 119.1(4) - 118.2(2) - 115.0(5) - 
<CC(3)S 111.8(3) - 115.8(21) - 115.7d - 
<CS(4)C - - 103.8(14) - 103.8 - 
<SC(5)C - - 111.5(11) - 115.01 - 
<CC(6)S - - - - 115.78 - 
<CS(7)C - - - - 103.8 - 
<SC(8)C - - - - 115.0' - 
<CC(9)S - - - - 116.1" - 
t[CS(1)C(2)C] 	-141.5(5) 	- -71.6(11) 	- -127.1(15) 	- 
t[SC(2)C(3)S] 61.7(9) - 66.5(37) - 59.5(18) - 
t[CC(3)S(4)C] 	56.1(8) 	- 66.1(46) 	- 74.6(14) 	- 
i[CS(4)C(5)C] - 	 - -110.5(29) - - 102.9(14) - 
t[SC(5)C(6)S] 	- 	 - 85.9(17) 	- 74.3(10) 	- 
r[CC(6)S(7)C] - 	 - - 	 - - 104.2(13) - 
t[CS(7)C(8)C] 	- 	 - - 	 - 129.6(14) 	- 
t[SC(8)C(9)S] - 	 - - 	 - -74.9(18) - 
t[CC(9)S(1)C] 	- 	 - - 	 - 63.9(16) 	- 
Distances and u-values in pm, angles in degrees. b  The S 	S u-values were constrained to be equal. The u-values of these similar S • C distances 
were constrained to be equal. d  Loosely constrained to be 1.0(8)° larger than <SC(2)C. Assumed equal to <CS(1)C. f Assumed equal to <SC(2)C. 
8 Assumed equal to <CC(3)S. "Constrained to be 0. 1(8)° smaller than <CC(3)S. 
conformers were both about 9.6 kJ mol' higher in strain energy 
than the [12222] conformer so only the latter was considered 
in the electron diffraction analysis. The C1 [12222] conformer 
shown in Fig. 1(d) is made by twisting the S(2)C(3)S torsion of 
the C2 model shown in Fig. 1(c) from +g to -g. The final 
refined parameters obtained for this C1 conformer are given 
in Table 2 and the corresponding set of bond lengths and 
angles and vibrational parameters is given in Table 3. The 
differences between experimental and theoretical intensity 
data and radial distribution curves obtained for the C 1 
[12222] model are shown labelled (f) in Figs. 2 and 3, respec-
tively. 
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Table 4 Structural parameters obtained from MM2 calculations for the D31  C31  C2 and C, models of [9]aneS 3 
D 3 model C3 model C2 model C 1 model 
r[S(1)-C(2)] 182.6 182.1 181.8 182.2 
r{C(2)-C(3)] 154.1 154.2 153.7 153.9 
r{C(3)-S(4)] - 182.5 I81.7 182.3 
rfS(4)-C(5)] - - 181.9 182.1 
r[C(5)-C(6)] - - 154.9 154.0 
r[C(6)-S(7)] - - - 182.0 
r[S(7)-Q8)] - - - 182.1 
r[C(8)-C(9)] - - - 154.1 
r[C(9)-S(1)] - - - 182.2 
r(C-H) 111.0,111.5 111.1-111.5 110.8-111.5 111.l-1ll.5 
r[5(l). 	S(4)J 432.9 330.9 361.6 336.0 
r[S(4). 	S(7)] - - 377.9 362.4 
r[S(7) .. . S(l)] - - - 383.4 
<cs(1)c 	102.8 101.4 	 106.3 101.8 
<SC(2)C 112.5 111.5 114.9 110.6 
<CC(3)S 	 - 114.4 	 115.4 112.4 
<CS(4)C - - 	 102.8 100.8 
<SC(5)C 	 - - 	 111.5 111.2 
<CC(6)S - - 	 - 111.1 
<CS(7)C 	 - - 	 - 101.2 
<SC(8)C - - 	 - 110.8 
<cC(9)S 	 - - 	 - 112.3 
t[CS(1)C(2)C] 61.1 -133.9 -73.7 -124.8 
r[SC(2)C(3)S] -140.9 52.1 70.2 61.8 
r[CC(3)S(4)C] - 62.4 58.6 74.2 
t[CS(4)C(5)C] - - -111.3 -122.1 
t[SC(5)C(6)S] - - 92.8 82.2 
r[CC(6)S(7)CJ - - - -93.0 
r[CS(7)C(8)CJ - - - 134.1 
t[SC(8)C(9)S] - - - -96.7 
r[CC(9)S(1)CJ - - - 75.0 
Strain energy 
(E,/kJ moI 1 ) 87.74 77.95 86.11 77.82 
Dipole moment- 
(p/Debye) 0.0 4.3 1.3 1.5 
Distances and angles in degrees. 
MM2 Calculations.-In order to estimate the energy 
differences between the conformers, molecular-mechanics 
calculations on [9]aneS 3 were carried out using the MM2 
program. 17  A number of energy minimisations were performed 
from different starting parameters and using different symmetry 
constraints. The structural parameters and final strain energies 
obtained for the four lowest-energy conformers are shown in 
Table 4. Study of a model of the molecule indicates that the 
energy minima are separated by significant barriers, and there 
can be no doubt that they do represent genuine minima on the 
calculated energy surface. 
Results and Discussion 
The aim of this study was to investigate the conformation of 
[9]aneS 3 as a free molecule in the gas phase. We have used 
molecular-mechanics calculations (MM2) as a tool and electron 
diffraction (ED) as the experimental method. Because it is 
necessary to derive the three-dimensional molecular structure 
from one-dimensional ED data, it is possible to fit more than 
one molecular model to the experimental data. This means that 
any conclusion concerning the conformation of such a complex 
molecule as [9]aneS 3 has to be drawn with care. As is seen in 
Table 4, the strain energies of the conformers studied do not 
differ enormously, so the MM2 calculations do not allow us to 
reach absolutely unequivocal conclusions about the conform-
ation(s) present. Nevertheless, these calculations do give 
information about the likely values of the various structural 
parameters of the different conformers, as well as giving an 
indication of the relative stability (and hence abundance) of 
the various forms. In this way the structures from the MM2 
calculations can be used to decide whether or not a structure 
deduced from the experimental data is reasonable. 
Previous conformational studies of medium to large non-
co-ordinated cyclic sulphides ( 12 ring atoms) in the crystalline 
state indicate that most of these compounds adopt the exo 
conformation with the sulphur atoms pointing out of the 
macrocyclic cavity. This has been explained as a consequence 
of the tendency of the CCSC linkages to adopt gauche 
conformations. 89 A maximum number of such gauche 
arrangements is attained when the sulphur atoms have 
positions in the corners' of the macrocycle. This is in contrast 
with what is observed for the analogous crown oxyethers, in 
which the oxygen atoms are not positioned in the corners and 
the anti conformation is preferred for the CCOC linkages. As 
the ring size becomes smaller ( 11 ring atoms) the flexibility 
of the ring becomes less and one would expect other effects 
such as 1,4 and 1,5 interactions across the ring to be significant 
in determining the conformation of the ring. 
For [9]aneS 3 , the D 3 conformer is the only one in which 
all the CCSC groups have the gauche conformation. This 
conformer is, however, not present, either in the gas or in the 
crystalline phase. [9]aneS 3 has been found to adopt the C3 
conformation in the crystal, and a C3 conformer can also be 
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ABSTRACT. - Oxidation of 1,4,7-trithiacyclononane ([9]aneS 3) affords, via C—H cleavage and transannular C—S 
bond formation, a bicyclic sulphonium salt incorporating fused 5- and 6-membered rings. 
The redox chemistry of metal complexes of [9]aneS3 has 
been the subject of considerable interest recently'. Much of 
this work has concentrated on the stabilisation of unusual 
metal oxidation states using homoleptic thioether 
coordination 2 . Although the product from the oxidation of 
metal-free [9]aneS 3  has not been isolated or characterised, the 
oxidation of organic thioethers to give sulphonium salts and, 
in certain cases, to lead to transannular SS interactions has 
been reported previously 3' . On this basis, the assignment 
of the oxidation product of [91aneS 3  as a sulphonium salt 
appears reasonable. Furthermore, the oxidation of methionine 
residues to S-cation radicals have been proposed as possible 
intermediates in the oxidation of cytochrome C peroxidase 
Wieghardt and co-workers have shown that in the presence 
of 0-donor oxidants, one of the thioether S-donors in 
[Fe([9]aneS 3) 2 ] 2 can be oxidised to the corresponding sul-
phoxide, while full oxidation of metal-free [9]aneS 3  with H 202 
affords the corresponding hexaoxo species 7 . The formation 
of oxo products of [9]aneS3 is not likely to occur in cyclic 
voltammetric experiments from which 02 and H 20 have been 
excluded. We report herein the synthesis and characterisation 
of an unexpected oxidation product of [9]aneS 3 . 
During studies on the coordination chemistry of [9]aneS 3 
with Au(III)', we isolated a non-metal-containing product in 
up to 30% yield. The 'H NMR spectrum (200.13 MHz, 
298 K, CD 3NO2) of this species shows a resonance at 
= 5.28-ppm(dd, lH) with complex multiplets in the region 
= 3.09-4.30 ppm (I OH). The ' 3 C DEPT NMR spectrum 
(50.32 MHz, 298 K, CD 3NO2) of the product shows (Fig. 1) 
resonances at ö = 59.29 (CH) and 47.55, 35.22, 34.00, 26.19, 
23.37 ppm (CH 2). Elemental analysis and accurate fab mass 
spectroscopy (found M = 179.00228, calculated 
M = 179.00229 for C 6H, 1 S3 using Csl internal standard) 
confirm the product to be [C 6H,,S3]BF4, an oxidation 
product of [9]aneS 3 (C6H 12 S 3). Single crystals of 
[C6H,,S3]BF4 were grown by vapour diffusion of Et 20 into 
a solution of the compound in MeCN. The single crystal 
X-ray structuret of the compound shows (Fig. 2) it to be 
t Crvsraldatafor C6H 11 S3 BF4 : M = 266.10, monoclinic, space 
group P211e, with a = 5.140(3), b = 9.1036(20), c = 21.947(4)A, 
80 	60 	40 	20ppm 
Figure 1.— ' 3C NMR Spectrum 0f[C 6 H 11 S 3] (50.32 MHz, 298 K, 
CD 3 NO2). 
= 90.73(3)°, V = 1 027A3 [from setting angles for 15 centred 
reflections with 20 = 30-32°, 2 = 0.71073 A, T = 295 K], Z = 4, 
D = 1.721 g.cm 3 , p(Mo—K,) = 0.706 mm'. A colourless lath 
(0.22 x  0.38 x  0.85 mm) was mounted on a CAD4 four-circle 
diffractometer. Data collection using Mo - K X-radiation and w - 20 
scans gave -1433 reflections -(20th-  45°), 1314 unique (R 1 0.006), of 
which 1168 with F 6a(F) were used in all calculations. Automatic 
direct methods tO  located all non-H atoms, which were then refined 
anisotropically II:  H atpms were refined positionally with a common 
Uj., of 0.0478(24)A2.  At final convergence, R = 0.025 1, ,vR = 0.0349, 
S = 1.119 for 161 parameters and the final AFsynthesis showed no 
feature above 0.31 eA. Atomic coordinates, bond lengths and 
angles have been deposited with the Cambridge Crystallographic Data 
Centre and can be obtained on request from Dr. Olga Kennard, 
University Chemical Laboratory, Lensfield Road, Cambridge CB2 
IEW, U.K. 
- Structure factors and thermal parameters have been deposited 
with the British Library, Document Supply Center, at Boston Spa, 
Wetherby, West Yorshire, U.K. as supplementary publication No. 
SUP 90234 and is available on request from the Document Supply 
Center. Requesters must quote the relevant SUP number (eg. SUP 
12345). 
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Figure 2. - Single crystal X-ray 
structure of [C 6 H 11 S 3]1(I) with 
numbering scheme adopted. 
S(4) 
Table I. - Bond Lengths (A) with standard deviations. 
S(1) -C(2) 1.7976(24) 
S(l) -C(9) 1.807(3) 
C(2) - H(2) 0.95(3) 
C(2) - C(3) 1.520(4) 
 -S(7) 1.8414(24) 
 - H(3A) 0.91(3) 
C(3) - H(3B) 0.94(3) 
C(3) -S(4) 1.798(3) 
S(4) -C(5) 1.815(3) 
C(5) - H(5A) 0.99(3) 
C(S) - H(5B) 0.89(3) 
C(S) -C(6) 1.513(4) 
C(6) - H(6A) 0.99(3) 
C(6) - H(6B) 0.94(3) 
C(6) -S(7) 	1.816(3) 
S(7) -C(8) 1.817(3) 
C(8) -H(8A) 0.91(3) 
C(8) - H(8B) 0.99(3) 
-C(9) 	1.511(4) 
- H(9A) 0.88(3) 
C(9) - H(9B) 1.00(3) 
B(l) -F(1) 	1.379(3) 
B(1) -F(2) 1.380(3) 
B(1) -F(3) 	1.380(3) 
B(1) -F(4) 1.372(3) 
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9-membered ring. The synthesis of C 6H 11 S 3 from [9]aneS 3 . 
represents a possible route to the C-functionalisation of this 
thioether macrocycle . 
a bicyclic suiphonium salt (I) incorporating fused 5- and 
6-membered rings. The 6-membered ring adopts a chair 
conformation with the sulphonium S-atom at the bridgehead. 
The product is formally, therefore, the deprotonated, two-
electron oxidation product of [9]aneS3. Thus, oxidation of 
[9]aneS 3 with Au(III) leads to C-H bond cleavage and 
transannular S - C bond formation. An alternative and better 
method of synthesising [C 6H 11 S 3] (in 85% yield) is by 
treatment of [9]aneS3 with one molar equivalent of the 
hydride-abstractor Ph 3 C + PF6 - in MeNO2 . 
[C6H 11 S 3] shows an irreversible reduction in MeCN at 
platinium electrodes at Epc = - 2.14 V vs Fc/Fc. Free 
[9]aneS3 shows an irreversible oxidation by cyclic voltammetry 
at E a  = + 0.98 V vs Fc/Fc in MeCN (0.1 M Bu4NPF6 ) 
with a return wave being observed at E,. = - 0.57V: this 
return wave is not present when scanning initially from 0 to 
- 1.0 V, but appears only after scanning beyond + 1.0 V. 
This wave, therefore, corresponds to the reduction of an 
oxidation product of [9]aneS 3 . Since [C6H 11 S 3] does not 
show a reduction at - 0.57 V under the same conditions, it 
appears that [C 6H 11 S 3] is not a major product in the 
electrochemical oxidation. Musker and co-workers have 
reported the synthesis of a range of highly reactive dithioether 
cation radicals and dications which were proposed to incorpo-
rate S ... S interactions 3 . A similar dicationic species involving 
transannular SS interaction as in (II) is likely to be the 
electrochemical oxidation product of [9]aneS 3 . 
The [9]aneS3 ligand is unique among homoleptic thioether 
crowns in that it is pre-organised for facial coordination, 
having its S-donors in endo positions. Transannular interac-
tions as in I and II are therefore to be kinetically favoured. 
In addition, the driving force for the formation of the bicyclic 
sulphonium salt (I) is presumably the formation of stable 
fused 5- and 6-membered rings from a relatively unstable 
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Table H. - Angles (degrees) with standard deviations. 
C(2) - S(l) -C(9) 91.00(13) H(6A) - C(6) -S(7) 105.2(16) 
S(l) - C(2) -H(2) 107.2(16) H(6B) - C(6) -S(7) 103.1(17) 
S(l) - C(2) -C(3) 116.56(17) C(2) - S(7) -C(6) 101.28(11) 
S(l) - C(2) -S(7) 106.23(12) C(2) - S(7) -C(8) 96.17(12) 
H(2) - C(2) -C(3) 109.1(16) C(6) - S(7) -C(8) 102.43(12) 
H(2) - C(2) -S(7) 105.6(16) S(7) - C(8) -H(8A) 105.2(17) 
C(3) - C(2) -S(7) 111.45(17) S(7) - C(8) -H(8B) 104.1(15) 
C(2) - C(3) -H(3A) 109.5(18) S(7) - C(8) -C(9) 110.19(19) 
C(2) - C(3) -H(3B) 109.3(17) H(8A) - C(8) -H(8B) 113.5(23) 
C(2) - C(3) -S(4) 116.00(18) H(8A) - C(8) -C(9) 111.3(17) 
H(3A) - C(3) -H(3B) 110.3 (24) H(8B) - C(8) -C(9) 112.0(15) 
H(3A) - C(3) -S(4) 103.4(17) S(1) - C(9) -C(8) 110.63(21) 
H(3B) - C(3) -S(4) 108.0(17) S(I) - C(9) -H(9A) 107.3(19) 
C(3) - S(4) - C(S) 99.12(13) S( I) - C(9) - H(9B) 111.4(16) 
S(4) - C(S) -H(5A) 107.9(16) C(8) - C(9) -H(9A) 115.9(19) 
S(4) - C(S) -H(5B) 106.8(18) C(8) - C(9) -H(9B) 108.6(16) 
S(4) - C(S) -C(6) 113.31(19) H(9A) - C(9) -H(9B) 102.7(24) 
H(SA) - C(S) -H(5B) 107.0(24) F(l) - B(1) -F(2) 108.61(21) 
H(5A) - C(S) - C(6) 111.1(16) F(l) - B( I) - F(3) 109.04(21) 
H(5B) - C(S) -C(6) 110.5(19) F(l) - 11(1) -F(4) 110.40(21) 
C(S) - C(6) -H(6A) 115.0(16) F(2) - B(I) -F(3) 108.50(21) 
C(S) - C(6) -H(6B) 111.6(17) F(2) - B(l) -F(4) 110.61(21) 
C(S) - C(6) - S(7) 110.80(18) F(3) - B(l) - F(4) 109.63(21) 
H(6A) - C(6) - H(6B) 110.3(23) 
Table III. - Torsion angles (degrees) with standard deviations. 
C(9) 	- S(1) - 	 C(2) -H(2) -66.2(17) S(4) 	- C(S) - 	 C(6) -S(7) -70.26(21) 
C(9) 	- S(1) - 	 C2) -C(3) 171.29(20) H(SA) - C(S) - 	 C(6) -H(6A) 170.5(24) 
C(9) 	- S(l) - 	 C(2) -S(7) 46.44(14) H(SA) - C(S) - 	 C(6) -H(6B) -62.9(25) 
C(2) 	- S(I) - 	 C(9) -C(8) -47.46(21) H(5A) - C(S) - 	 C(6) -S(7) 51.4(17) 
C(2) 	- S(l) - 	 C(9) -H(9A) - 174.8(19) H(5B) - C(S) - 	 C(6) -H(6A) -70.9(26) 
C(2) 	- S(1) - 	 C(9) -H(9B) 73.4(17) H(5B) - C(S) - 	 C(6) -H(6B) 55.6(27) 
S(1) 	- C(2) - 	 C(3) -H(3A) 58.6(19) H(5B) - C(S) - 	 C(6) -S(7) 169.9(20) 
S(1) 	- C(2) - 	 C(3) -H(3B) 179.6(18) C(S) 	- C(6) - 	 S(7) -C(2) 60.80(20) 
S(1) C(2) - 	 C(3) -S(4) -58.02(23) C(S) 	- C(6) - 	 S(7) -C(8) 159.79(19) 
H(2) 	- C(2) - 	 C(3) -H(3A) -63.0(25) H(6A) - C(6) - 	 S(7) -C(2) -64.1(16) 
H(2) 	- C(2) - 	 C(3) -H(3B) 58.0(25) 	. H(6A) - C(6) - 	 S(7) -C(8) 34.9(16) 
H(2) 	- C(2) - 	 C(3) -S(4) - 179.6(17) H(6B) - C(6) - 	 S(7) -C(2) - 179.7(17) 
S(7) 	- C(2) - 	 C(3) -H(3A) - 179.3(19) H(6B) - C(6) - 	 S(7)  -80.7(17) 
S(7) 	- C(2) - 	 C(3) - H(3B) -58.3(18) C(2) 	- S(7) - 	 C(8) - H(8A) -117.8(18) 
S(7) 	- C(2) - 	 C(3) -S(4) 64.13(21) C(2) 	- S(7) - 	 C(8) -H(8B) 122.5(16) 
S(1) 	- C(2) - 	 S(7) -C(6) 70.84(14) C(2) 	- S(7) - 	 C(8)  2.27(21) 
S(1) 	- C(2) - 	 S(7) -C(8) -33.18(14) C(6) 	- S(7) - 	 C(8) -H(8A) 139.2(18) 
H(2) 	- C(2) - 	 S(7) -C(6) - 175.5(17) C(6) 	- S(7) - 	 C(8) -H(8B) 19.5(16) 
H(2) 	- C(2) - 	 S(7) -C(8) 80.5(I7) C(6) 	- S(7) - 	 C(8) -C(9) - 100.76(20) 
C(3) 	- C(2) - 	 S(7) -C(6) -57.09(19) S(7) 	- C(8) - 	 C(9) -S(l) 30.0(3) 
C(3) 	- C(2) - 	 S(7) -C(8) - 161.11(18) S(7) 	- C(8) - 	 C(9) -H(9A) 152.5(21) 
C(2) 	- C(3) - 	 S(4) -C(S) -59.04(21) S(7) 	- C(8) - 	 C(9) -H(9B) -92.6(17) 
H(3A) - C(3) - 	 S(4) -C(S) -179.0(18) H(8A) - C(8) - 	 C(9) -S(l) 146.3(18) 
H(3B) - C(3) - 	 S(4) -C(S) 64.1(I8) H(8A) - C(8) - 	 C(9) -H(9A) -91.3(28) 
C(3) 	- S(4) - 	 C(S) -H(SA) -61.9(17) H(8A) - C(8) - 	 C(9) -H(9B) 23.7(25) 
C(3) 	- S(4) - 	 C(S) -H(SB) - 176.6(19) H(8B) - C(8) - 	 C(9) -S(l) -85.4(17) 
C(3) 	- S(4) - 	 C(S) -C(6) 61.50(21) H(8B) C(8) - 	 C(9) -H(9A) 37.I(27) 
S(4) 	- C(S) - 	 C(6) -H(6A) 48.9(17) H(8B) - C(8) - 	 C(9) -H(9B) I52.0(23) 
S(4) 	- C(S) - 	 C(6) -H(6B) I75.4(18) - 
NEW JOURNAL OF CHEMISTRY, VOL. 15, N 7-1991 
514 
	
A. TAYLOR (q  al. 
Acknowledgements 
We are very grateful to SERC for suppport and Dr. Hamish 
McNab for discussions. 
REFERENCES 
Blake A. J., Schröder M., Adv. Inorg. Chem., 1990, 35, 1; Schröder 
M., Pure AppI. Chem., 1988, 60, 517. 
2 Blake A. J., Gould R. 0., Holder A. J., Hyde T. I., Odulate M. 0., 
Lavery A. J., Schröder M., J. Chem. Soc., Chem. Commun., 1987, 
118; Blake A. J., Holder A. J., Hyde T. I., Schröder M., J. Chem. 
Soc., Chem. Commun., 1987,987; Rawle S. C., Yagbasan R., Prout 
K., Cooper S. R., J. Am. Chem. Soc., 1987, 109, 6181; Blake A. J., 
Gould R. 0., Holder A. J., Hyde T. I., Schröder M., J. Chem. 
Soc., Dalton Trans., 1988, 1861; Blake A. J., Reid G., Schröder 
M., J. Chem. Soc. Dalton Trans., 1990, 3363. 
Musker W. K., Wolford T. L., Roush P. B., J. Am. Chem. Soc., 
1978, 100, 6416 and references therein. 
' Asmus K.-D., Gillis H. A., Teather G. G., J. Phys. Chem., 1978, 
82, 2677 and references therein. See also: Glass R. S., Hojjatie M., 
Wilson G. S., Mahling S., GöbI M., Asmus K.-D., J. Am. Chem. 
Soc., 1984, 106, 5382; Glass R. S., Coleman B. R., Prabhu U. D.G., 
Setzer W. N., Wilson G. S., J. Org. Chem., 1982, 47, 2761; Glass 
R. S., Petsom A., Wilson G. S., Martinez R., Juanist E., J. Org . 
Chem., 1986, 51, 4337; Glass R. S., Hojjatie M., Petsom A., Wilson 
G. S., Göbl M., Mahling S., Asmus K.-D., Phosphorus and Sulfur. 
1985, 23, 143. See also: Fujihara H., Mima H., ChiuJ.-J., Furukawa 
N., Tetrahedron Lett., 1990, 31, 2307; Kataoka T., Tsutsumi K., 
Iwama T., Shimizu H., Hori M., Tetrahedron Lett., 1990, 31, 3027 
and references therein. 
Wieghardt K., Kuppers H. J., Weiss J., lnorg. Chem., 1985, 24, 
3067. 
6 Hoffman B. M., Roberts J. E., Brown T. G., Kang C. H., Margo-
hash E., Proc. Nat!. Acad. Sci. (USA), 1979, 76, 6132; Ho P. S., 
Hoffman B. M., Kang C. H., Margoliash F., J. Biol. Chem., 1983, 
258, 4356. 
Küppers H. J., Wieghardt K., Nuber B., Weiss J., Bill E., Trautwein 
A. X., Inorg. Chem., 1987, 26, 3762. 
8 Blake A. J., Gould R. 0., Greig J. A., Holder A. J., Hyde T. I., 
Schröder M., J. Chem. Soc., Chem. Commun., 1989, 876; Blake 
A. J., Greig J. A., Holder A. J., Hyde T. 1., Taylor A., Schröder, 
M., Angew. Chem., 1990, 102, 203; Angew. Chem. ml. Ed. Engl., 
1990, 29, 197. 
Roush D. M., Price E. M., Templeton L. K., Templeton D. H., 
Heathcock C. H., J. Am. Chem. Soc., 1979, 101, 2971. 
'° SHELX86, program for crystal structure solution, Sheldrick G. M., 
Univ. of Gottingen, F.R.G., 1986. 
SHELX76, program for crystal structure refinement, Sheldrick 
G. M., Univ. of Cambridge, England, 1976. 
NEW JOURNAL OF CHEMISTRY, VOL. 15, N' 7-1991 
